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ABSTRACT 
This dissertation reports the design, synthesis and characterisation of several metallo-
supramolecular assemblies incorporating 8-hydroxyjulolidine-9-carboxaldehyde or 4-
(diethylamino)salicylaldehyde groups. These groups are well known as strong electron 
donors, and as such, they are potentially favourable for the development of electro-optical 
materials, especially chemosensors. Furthermore, the presence of their aldehyde functional 
group makes these moieties ideal for condensation reactions with primary amines, and the 
resulting imine (chapter 2-4) or dihydropyrimidine (chapter 5-7) groups are situated near 
the OH of the phenol groups; thus the synthesised ligand has an ideal preorganised 
polydentate coordination environment. 
Foremost, in chapter 2 a reported Co2+ Schiff base chemosensor based on 8-
hydroxyjulolidine-9-carboxaldehyde and 8-aminoquinoline was comprehensively 
investigated, and its crystal structures with Mn2+, Co2+, Ni2+, Cu2+ and Zn2+ were also 
explored. This ligand was studied to observe the potential coordination conformations the 
optically active groups 8-hydroxyjulolidine-9-carboxaldehyde and 8-aminoquinoline may 
have with other metal ions, and in turn how this affects the optical properties of the resulting 
assembly. Complexation with Mn2+ gave a dinuclear architecture with Mn2+ ions bridged 
by coordinating methanol molecules. A similar dinuclear assembly was observed with Zn2+, 
however, acetate was observed to bridge the Zn2+ ions. Mononuclear structures were 
observed with Co2+, Ni2+ and Cu2+ complexes. The former two, Co2+ and Ni2+, resulted in 
similar structures of two ligands coordinating to the central metal ion in an octahedral 
geometry. Interestingly, the crystal structure with Co2+ was found to have oxidised to Co3+. 
In comparison, the Cu2+ complex demonstrated a square planar polyhedron with a single 
coordinating ligand, and an acetate ion in the axial position. The optical properties of these 
metals were also investigated in solution, and in addition to the previously reported 
colourimetric detection for Co2+, it was found that this ligand may also be applicable for 
the detection of Zn2+ via an increase in emission upon excitation at 470 nm. 
Expanding from work with d-block metals in chapter 2, chapter 3 utilises the same 
julolidine-quinoline based ligand and investigates its architectures with Eu3+ and Gd3+ 
lanthanoid metal ions. These lanthanoid metals were studied as their large atomic size is an 
ideal contrast to the smaller d-block metals used in chapter 2. In addition, as the fluorescent 
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properties of lanthanoid metal ions are often interesting, work to probe the fluorescent 
properties of these complexes was undertaken. Analysis by SC-XRD found that both 
assemblies were dinuclear isostructures, consisting of two Ln3+:L-:CH3COO-:CH3OH 
(1:1:1:1) units which were bridged by two additional acetate ions at the metal centres. In 
addition to SEM-EDS, Raman and UV-Vis studies, fluorescent properties were also 
measured in both solution and solid-states. In the solution-state, upon the addition of Eu3+ 
or Gd3+, a UV-Vis blue shift was observed, and a significant increase in fluorescent 
intensity was found. Solid-state fluorescence was measured by two-photon excitation, and 
the observed peak locations are in good agreement with solution-state studies. 
As the ligand investigated in chapters 2 and 3 had poor water solubility, a new water-
soluble 4-(diethylamino)salicylaldehyde tris-base Schiff base ligand was developed and 
probed in chapter 4. This potential water-soluble ligand was pursued, as water solubility is 
advantageous for the detection of metals in live cells and aqueous environmental systems. 
An initial chemosensor investigation into this ligand showed selectivity for Cu2+, however, 
in practice the response was a minor blue-shift in the UV region, and solutions with or 
without Cu2+ were visually indistinguishable from each other. On the other hand, the 
flexible nature of the hydroxyl groups may give the ligand several possible conformations 
when coordinating to metals. This flexibility is interesting when considering Zn2+, as in 
addition to the fluorescent properties of Zn2+ complexes, Zn2+ may form several stable 
coordination conformations. It was found that different anion species and even the 
crystallisation method was capable of promoting the formation of different architectures. 
The most straightforward architecture was with ZnCl2, which gave a mononuclear structure 
with two coordinating ligands, while the use of Zn(CH3COO)2 resulted in a trinuclear 
structure where three Zn2+ ions were bridged with acetate and situated between two ligands 
at the terminal ends of Zn2+ acetate groups. Two different assemblies were observed with 
Zn(ClO4)2; crystals grown via an ether diffusion formed a hexanuclear structure comprised 
of six ligands in different protonation states, while slow evaporation in air gave a 
nonanuclear cluster again involving six ligands. Interestingly, the nonanuclear architecture 
was also shown to fix atmospheric CO2 as CO32- where it was coordinated to Zn2+ ions.  
Two chemosensors were developed via a condensation with 1,8-diaminonaphthalene and 
4-(diethylamino)salicylaldehyde or 8-hydroxyjulolidine-9-carboxaldehyde and are 
presented in chapters 5 and 6, respectively. Unlike the ligands explored in chapters 2-4, the 
condensation explored in chapter 5 and 6 resulted in a dihydropyrimidine group, rather than 
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an imine group. The benefit of dihydropyrimidine in comparison to an imine group is that 
they are more stable, especially in acidic aqueous mixtures, where imines may undergo 
hydrolysis. Both ligands were highly selective for Cu2+, with Cu2+ detection shown by an 
intense red-shifted absorbance band, attributed to a dual ligand-to-metal charge transfer 
(LMCT) mechanism. These sensors also exhibited low nanomolar colourimetric detection 
of Cu2+ and their 1:1 binding mode with Cu2+ was probed using several techniques. 
Additionally, the detection of Cu2+ was shown to be unaffected by the presence of other 
metal ions, and both sensors have been implemented in real-world applications with the 
detection of Cu2+ in tap water investigated.  
Finally, in chapter 7 a method for determining the concentration of exchangeable Cu2+ on 
soils utilising the sensor reported in chapter 5 has been developed. The method was tested 
on montmorillonite and kaolin clays doped with Cu(NO3)2, and additional contaminated 
soils which were collected from a historic copper mine. Extractions were undertaken using 
a cation exchange approach with CaCl2 solutions. The copper concentration found in soil 
extracts was measured by UV-Vis using our chemosensor, and the amount of Cu2+ found 
is in good agreement with ICP-MS measurements. 
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CHAPTER ONE: INTRODUCTION AND LITERATURE REVIEW  
1.1. Supramolecular chemistry 
Supramolecular chemistry, famously coined as “chemistry beyond the molecule” by one of 
the field’s founding fathers and Nobel Laureate Jean-Marie Lehn, focuses on the study of 
relatively weak and reversible non-covalent molecular interactions, which are also now 
recognised as the primary pathway for many naturally occurring biological systems. While 
supramolecular chemistry may be traced back to the 1967 work of Charles J. Pedersen1 and 
his predecessors, the importance of the field gained global attention in 1987 when the Nobel 
Prize in Chemistry was awarded to Donald J. Cram, Jean-Marie Lehn and Charles J. 
Pedersen “for their development and use of molecules with structure-specific interactions 
of high selectivity”.2–4 Their work on cyclic polyether-based ligands, also known as crown 
ethers,1 cryptands,5 and cavitands,6 which selectively coordinated to different alkaline 
metals based on the ligands size, (1-3 in Figure 1.1) laid the ground for future 
supramolecular chemists. Since then, a plethora of different research avenues employing 
supramolecular chemistry have emerged, and again in 2016 supramolecular chemists, Jean-
Pierre Sauvage, Sir J. Fraser Stoddart and Bernard L. Feringa were awarded the Nobel Prize 
in Chemistry “for the design and synthesis of molecular machines”.7–9 Shown later in 
Figure 1.2 are some famous examples of molecular machines from each of these respective 
laureates.7,10,9  
 
Figure 1.1 The assemblies studied by Nobel laureates, 1 Pedersen’s crown ether, 2 Lehn’s cryptand 
and 3 Cram’s hexaphenyl cavitand. 
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Figure 1.2 Various molecular machines reported by the 2016 Nobel laureates, a) a molecular 
muscle designed by Sauvage,7 b) Stoddart’s molecular elevator,10 and c) the four-wheel-drive 
nanocar developed by Feringa.9 a) Adapted with permission from J.-P. Sauvage, Angew. Chem. Int. 
Ed., 2017, 56, 11080–11093. Copyright Wiley 2017. b) Adapted with permission from J. D. Badjić, 
V. Balzani, A. Credi, S. Silvi and J. F. Stoddart, Science, 2004, 303, 1845. Copyright Science 2004. 
c) Adapted with permission from B. L. Feringa, Angew. Chem. Int. Ed., 2017, 56, 11060–11078. 
Copyright Wiley 2017. 
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1.2. Metallo-supramolecular chemistry 
Today, supramolecular chemistry is one of the fastest growing regions of science, 
branching across chemistry, biology, physics, and materials sciences. Researchers are even 
turning towards natural systems for inspiration and finding supramolecular chemistry at 
play in unexpected areas. A recent example is the synthesis of new dry adhesives, inspired 
from the nanostructures of gecko toes which utilise van der Waals forces to grip objects.11–
13 Van der Waals forces are just one of several intermolecular interactions observed in 
supramolecular systems. Other interactions include π-π stacking, hydrogen bonding, 
hydrophobic and hydrophilic interactions, along with metal ion coordination bonds.  
The latter, classic coordination bond (excluding the carbon to metal bond), has inspired a 
field of its own known as metallo-supramolecular chemistry. As the name suggests, 
metallo-supramolecular chemistry focuses on the interactions between ligands and metal 
ions. One of the earliest reported examples of this phenomenon is also often associated with 
the birth of supramolecular chemistry. In 1967, while preparing bis[2-(o-
hydroxyphenoxy)ethyl] ether (4), Charles J. Pedersen noted a small amount of by-product 
(5).1 After further investigation, it was found that this neutral cyclic polyether and its 
derivatives (Figure 1.3) were capable of forming stable complexes with many alkali and 
alkaline metals. It was from here that Pedersen dubbed the new class of molecules as 
“crown ethers”.  
 
Figure 1.3 Pedersen's intended product, (4) bis[2-(o-hydroxyphenoxy)ethyl] ether, and 5 the by-
product dibenzo[18]crown-6 which was dubbed a “crown ether”.  
It was this work that also highlighted the host-guest nature of supramolecular chemistry. 
This concept where the larger molecular unit is seen as the host while a guest, often a 
smaller molecular unit such as a cation, anion, or neutral molecule, will interact with the 
host molecule through weak non-covalent interactions. This allows for reversibility; thus 
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the synthesised complex may be continually pulled apart and re-assembled until 
thermodynamic or kinetic equilibrium is achieved. Importantly, this encourages self-
correction of synthetic defects.  
Since Pederson’s work, researchers in metallo-supramolecular chemistry have utilised 
host-guest relationships between a ligand and a metal ion to construct metallo-
supramolecular architectures by metal-directed assembly. As the metal-to-ligand bond is 
often highly directional, the synthesis of larger architectures by metal-directed self-
assembly is possible. Metal-directed self-assembly may be achieved using several 
techniques; however, the two most common methods are non-template complexation and 
template-directed synthesis.  
The latter, template-directed synthesis, involves the use of templating species, i.e., a cation, 
anion, or neutral molecule, that holds the reactive sites of two or more reactants closely 
together facilitating a chemical reaction. After the reaction, the templating species may 
remain in the larger architecture or be removed. This mechanism is favourable for 
producing structures that would usually be thermodynamically or kinetically unlikely. 
Furthermore, as the activation energy of the reaction is decreased, the possibility of by-
products from side reactions is minimised. In turn, this technique is advantageous for the 
synthesis of highly complex supramolecular architectures such as macrocycles, interlocked 
structures and zeolites.14–16 On the other hand, metal-directed self-assembly by host-guest 
interactions relies on a ligand with binding groups that target a specific metal ion. Host-
guest interactions are their own particular case of molecular recognition and are hence a 
desirable method for producing small discrete assemblies and chemical sensors.17  
Through these methods, researchers have been able to construct large highly sophisticated 
hetero and/or homo-metallic architectures, such as helicates,18,19 tetrahedra,20–22 cages23,24 
and metal-organic frameworks (MOFs)25–29 (Figure 1.4). More recently, there has been a 
push to evolve from fundamental studies to the production of materials with functional 
applications. While it is important to develop materials for applications in future 
technologies, such as spin-crossover materials for future-generation quantum computing30 
and the bottom-up design of components using molecular machines,31,32 it is also 
imperative that we design materials suitable for today’s problems. Solvent extraction 
systems and chemical sensors are two examples of supramolecular materials that have 
received considerable attention over recent decades as there is a growing interest from 
industry to make manufacturing and monitoring cheaper and more efficient. These 
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materials are based on host-guest interactions where selective molecular recognition is a 
crucial requirement. As a key outcome of this dissertation is to produce sensors, the design 
of host-guest assemblies for selective molecular interaction will be explored. 
 
Figure 1.4 Various examples of self-assembled supramolecular architectures. a) A triple-stranded 
Fe2+ helicate by Li et al.,18 b) Fe2+ tetrahedral synthesised via [FeCl4]- anion template, by Lindoy et 
al.,20 c) heterometalic Fe3+ (purple) and Cu2+ (green) cage by Li et al.,23 d) MOF produced by 
D’Alessandro et al..25 
1.3.  Design principles employed in coordination systems 
A common goal for host-guest metal-directed self-assembly is to design a ligand that is 
highly selective for a particular guest species. A popular analogy of this is the lock-and-
key principle, where the lock (host/ligand) selectively interacts with a key (guest/metal 
ion). In practice, this intricate molecular dance is mediated by several theories, principles 
and mechanisms, which relate to the chemical properties of both the ligand and an 
interacting guest. Hence, to successfully synthesise a highly specialised ligand, a 
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supramolecular chemist must evaluate and incorporate several of these chemical theories, 
principles and mechanisms into their ligand design.  
1.3.1. Design of the coordination sphere 
The coordination sphere between a ligand and a metal ion is one of the most important 
characteristics to consider when targeting for a specific metal ion, as not only does this 
dictate which metals may coordinate to the ligand but also the stability of the resulting 
complex. Known as the chelate effect, it has been well established that polydentate systems 
provide a more stable complex compared to mono-dentate systems of a similar chemical 
nature. Figure 1.5 details a classic coordination chemistry example between nickel 
coordinated to six monodentate ammonia ligands (6), or three bidentate 1,2–diaminoethane 
ligands (7). The latter forms a complex 108 times more stable than its monodentate 
counterpart, and in practice 1,2–diaminoethane readily displaces ammonia ligands on 
Ni2+.33 Expanding from this, macrocycle ligands where multiple donor atoms are held in a 
cyclic array are well known to exhibit higher stability in comparison to their acyclic 
counterparts. This phenomenon is known as the macrocyclic effect. In addition to the 
entropic effects from having more donor sites, the preorganisation of a macrocyclic ligand 
also gives an energetic contribution as there is minimal additional strain introduced to the 
ligand upon coordination.34 
 
Figure 1.5 A nickel complex with ammonia, an N-donor monodentate ligand (6, Kf = 5.5x108 in 
water at 25 °C), and a similar compound using bidentate 1,2–diaminoethane ligands (7, Kf = 2.1x1018 
in water at 25 °C) that gives a more stable assembly. 
Another important design consideration is the steric effect of the coordinating ligand. The 
most stable chelate systems are typically five and six membered rings, as their bond angles 
are near perfect in the sense they have minimal strain, and their bite size is ideal for metal 
coordination. An example of a five membered ring is shown in Figure 1.5 as the 1,2–
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diaminoethane ligand. Ring sizes other then five and six are rare, as they are less stable due 
to a distortion in bond angles, and unfavourable steric hindrance.34,35  
The coordination sphere of a supramolecular system is not always limited to the specific 
coordinating sites of a host to a guest; some metallo-supramolecular systems also exhibit 
intermolecular interactions known as outer sphere coordination.36,37 Although a relatively 
recent avenue, these systems are showing great potential in the field of solvent extraction 
owing to their increased stability and selectivity over conventional supramolecular 
extractants.38 Shown in Figure 1.6 is a general phenolic oxime based copper assembly 
which exhibits outer sphere coordination via intermolecular H-bonding.39 
 
Figure 1.6 A generic phenolic oxime system detailing outer sphere coordination via intermolecular 
H-bonding. Adapted with permission from J. R. Turkington, P. J. Bailey, J. B. Love, A. M. Wilson 
and P. A. Tasker, Chem. Commun., 2013, 49, 1891–1899.39 Copyright Royal Society of Chemistry 
2013. 
Expanding from the chelate effect, the flexible or rigid nature of the coordination site is 
also an important concept with regards to a systems selectivity. In short, the geometric 
design of the coordination site should be complementary to the shape of a guest. An 
excellent example of this is the lock-and-key principle first proposed by Emil Fischer in 
1894 with regards to the specificity of enzymes.40,41 Fisher observed that the binding region 
of an enzyme is a unique geometric shape, which allows it to selectively react with either a 
singular or a few chemically very similar compounds. This concept also plays heavily into 
the hard-soft acid-base principle and the preferential coordination geometry of a metal ion 
which will be discussed later. 
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1.3.2. The hard-soft acid-base principle  
Introduced by Ralph G. Pearson in 1963, the hard-soft acid-base principle (HSAB) 
stipulates that hard or soft cations (Lewis acids) tend to coordinate to hard or soft ligands 
(Lewis bases), respectively.42 The hard or soft classification of a cation is determined by 
the polarisable nature of its respective electron density. Soft acids are those with a relatively 
low charge density and are easily polarised, while hard acids have a high charge density 
thus not very polarisable. In essence, hard acids prefer N- or O-donor atoms, while soft 
acids favour P- or S-donors. However, in practice many Lewis acids and bases are 
considered intermediates as their properties are situated between hard and soft. It must also 
be mentioned that although the HSAB principle is a useful tool, it is in essence a simplified 
generalisation useful only for qualitative explanations of metal complexes stability, and 
should be considered as a guide. Summarised in Table 1.1 are examples of hard, 
intermediate and soft acid-bases.34 
Table 1.1 Examples of hard, soft and intermediate cations (Lewis bases) and ligands (Lewis 
acids).34 
 Cations (Lewis acid) Ligands (Lewis base) 
Hard H+, Li+, Be2+, Na+, Mg2+, Al3+, K+, 
Ca2+, Cr2+, Cr3+ 
F-, H2O, [OH]-, [CO3]2-, [NO3]-, 
[PO4]3-, [SO4]2-, [ClO4]- , NH3 
Intermediate Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+ Br-, [N3]-, [SCN]- (N-bound), [NO2]-, 
[SO3]2-, N2 
Soft Cu+, Pd2+, Ag+, Cd2+, Pt2+, Au+, Hg2+, 
Tl+ 
I-, H-, [CN] - (C-bound), CO (C-
bound), [SCN]- (S-bound) 
1.3.3. Preferential coordination geometry and number 
Complementary to both the geometric shape of a ligand’s binding site and the HSAB 
principle is the preferential coordination geometry of a metal ion. Shown below in Figure 
1.7 are some examples of the preferential coordination geometry of common d-block metal 
ions. These coordination preferences often vary with a metal’s oxidation state, and 
variations in a specific metal are usually mediated by steric hindrance from a chelating 
ligand or the systems electronic properties. Some metals such as Pd2+ and Pt2+ have a strong 
preference for a square planar orientation, while other cations such as Zn2+ exhibit a 
relatively flexible preferential geometry. Depending on the target metal, the design of a 
selective coordination site may be simple or very difficult; hence it is imperative to also 
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consider other theories, principles and mechanisms along with the target metals preferential 
geometry and number.  
Mn+
Square-planar
Mn+
Octahedral
Mn+
Square-pyramidal
Mn+
Tetrahedral
Mn+
Trigonal bipyramidal
Pt2+, Pd2+ Zn2+Cu2+, Co2+, Zn2+,
Fe2/3+
Cu1/2+, Ni2+, Zn2+ Mn2/3+, Fe2/3+, Co2/3+,
Ni2+, Zn2+, Cd2+...  
Figure 1.7 Examples of common coordination geometries of some d-block metal ions. 
1.3.4. Irving-Williams series 
One of the most recognised descriptors of stability constants in inorganic chemistry is the 
Irving-Williams series.43 Based on divalent states of common d-block metals, Mn, Fe, Co, 
Ni, Cu, and Zn. The Irving-Williams series assesses the stability of these metals irrespective 
of the coordinating ligand. In short, the series tests the exchange of H2O ligands in place of 
another ligand. The order of increasing stability found by Irving and William’s trends 
across the periodic table, from Mn2+ to Zn2+ with a maximum at Cu2+ (Mn2+ < Fe2+ < Co2+ 
< Ni2+ < Cu2+ > Zn2+). Two potential explanations for this phenomenon are:  
i) It follows the trend of decreasing ionic radii from Mn2+ to Zn2+ across the 
periodic table.  
ii) The crystal field stabilisation energy theory (CFSE) is also involved in 
which stability increases from a minimum for Mn2+ to a maximum for Ni2+ 
across the periodic table. By this theory, the CFSE of Cu2+ is less than that 
of Ni2+. However, Cu2+ is subjected to Jahn-Teller distortion and may form 
a distorted octahedral complex which in turn provides higher stability.  
1.3.5. Ligand design - Schiff bases 
Schiff base moieties have gained considerable attention over recent decades, representing 
one of the most studied ligand groups in coordination chemistry, as they are easily prepared 
in good yields and form stable complexes with most metal ions. Furthermore, they are an 
efficient way of introducing rigidity to a structure which may promote selective binding, 
and the nitrogen site on the resulting imine group also functions as a metal ion binding site. 
This allows the resulting ligand to encapsulate a metal ion, trapping and removing it from 
the surrounding chemical environment in the process.44,45 Schiff bases are synthesised by a 
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nucleophilic addition reaction of an aliphatic or aromatic amine to a carbonyl group, where 
a hemiaminal group is initially formed, then dehydrated to result in an imine and a water 
molecule (Figure 1.8).46 This condensation is also reversible, and readily happens in acidic 
aqueous environments, where the resulting products are the initial starting reactants, the 
carbonyl and aliphatic or aromatic amine groups. 
 
Figure 1.8 Schematic representation of a Schiff base synthesis via condensation of a carbonyl and 
amine groups. 
1.4.  Molecular recognition 
Molecular recognition is the process in which a host molecule may selectively interact with 
a targeted ionic or neutral guest species. Despite the emergence of numerous applications 
within supramolecular chemistry, molecular recognition continues to be one of the most 
studied areas, with a strong focus on the development of host species that not only target 
specific species of interest but also give a measurable response. These systems, also known 
as chemosensors, may be defined as a chemical species of abiotic origin that signal the 
presence of an analyte into an analytically measurable signal.47 This amalgamation of 
supramolecular and analytical chemistry has received such interest that it is now considered 
a sub-branch of supramolecular chemistry, known as supramolecular analytical chemistry, 
as coined by Prof. Eric V. Anslyn.48 
Generally, chemosensors are constructed with two or three key components; a receptor that 
selectively binds an analyte, a signal group that produces a measurable response upon 
analyte binding, and in some cases a spacer which may fine-tune the electronic interaction 
between the receptor and signal units (Figure 1.9). In a perfect world, the ideal chemosensor 
is one which will only detect for a single analyte species and is entirely unaffected by the 
sample environment (Figure 1.9). Designing a chemosensor to satisfy this criterion is 
arguably one of the most challenging and essential aspects to consider when developing a 
new sensor. In a practical sense, if a system produces the same signal for several guest 
species, the targeted analyte may be indistinguishable from other guests in the sampling 
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environment. In addition to this, the significance of a positive detection over the baseline 
must be great enough to distinguish a real response from noise accurately. Referred to as 
the limit of detection (LoD) and limit of quantification (LoQ) these limits are by definition 
the lowest concentration of an analyte that is distinguishable from a blank solution (LoD), 
or which a reliable analytical result may be obtained (LoQ). As these limits are calculated 
from the multiplicity of the standard deviation of the blank solution over the measured 
slope (LoD = 3σ/m, LoQ = 10σ/m), they both rely heavily on a system to have ideally a 
blank response that is both low and has minimal noise (Figure 1.10).49  
 
Figure 1.9 Cartoon representation of selective analyte detection by a chemosensor in a mixed guest 
environment. 
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Figure 1.10 Definition of the limit of detection and limit of quantification curves, reproduced with 
permission from F.-G. Bănică, Chemical Sensors and Biosensors: Fundamentals and Applications, 
John Wiley & Sons, Ltd, Chichester, UK, 2012.49 Copyright Wiley 2012. 
As shown prior in Figure 1.9, depending on the measurable response given by a 
chemosensor upon analyte interaction, chemosensors may be classified into three main 
categories: 
i) Colourimetric sensors, in which an intramolecular charge transfer (ICT) such as 
ligand-to-metal charge transfer (LMCT) or metal-to-ligand charge transfer 
(MLCT) causes a change in electronic properties, observable by an absorbance 
shift measurable on a UV-Visible spectrophotometer or by naked-eye.50 
Depending on the interaction this ICT may result in the increase of a systems 
donor-π-acceptor (D-π-A) conjugation resulting in a spectral red-shift, or 
convert a systems D-π-A to an A-π-A system where a reduction in conjugation 
gives the respective system a spectroscopic blue-shift. Generally, a ligand-to-
metal charge transfer (LMCT) will result in a more conjugated D-π-A system, 
while a metal-to-ligand charge transfer (MLCT) gives an A-π-A system.51 
ii) Fluorescence sensors, which express detection of an analyte by photo-induced 
emission include ICT, photoinduced electron transfer (PET), fluorescence 
resonance energy transfer (FRET), chelation enhanced fluorescence (CHEF) 
and more. Responses are generally measured on a fluorimeter, where a change 
in emission is observed.52,53 
iii) Electrochemical sensors, where analyte interaction results in a change of redox 
potential measurable using a potentiostat.54–56 
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1.4.1. Detection of analytes 
Historically organic chemical sensors in one form or another are not a new concept, and 
their application in analytical chemistry even predates the term supramolecular chemistry. 
In 1664, Robert Boyle published his work titled “The Experimental History of Colours” in 
which he observed that particular plant extracts would change colour upon treating with an 
acid or base,57 essentially detailing one of the first cases of a pH indicator. Much later in 
the 1900’s the use of complexone agents were developed and have now become a standard 
analytical technique for the quantitative measure of metal ions often via disodium 
ethylenediaminetetraacetic acid (Na2H2EDTA) titrations.58 In recent decades, 
colourimetric chemosensors have been effectively developed for portable detection 
techniques, and fluorescent sensors have shown promise as dyes for confocal imaging of 
biological systems.  
While initially chemosensors were limited to cation species, in recent decades there has 
also been a surge in interest for developing sensors for anions and neutral molecules,59–63 
which is attributed to their importance in biological, industrial and even warfare 
applications. In comparison to cations, the detection of anions and neutral molecules is 
challenging due to characteristics such as a larger ion/structural size, various structural 
geometries, along with sometimes a narrow pH range of existence, and in the case of anions, 
high solvation energy in water.  
The interaction between an analyte and a chemosensor can be generally divided into three 
main categories; i) direct sensing, ii) indicator displacement assays (IDA) and iii) 
chemodosimetric. These mechanisms will be briefly explored by showing literature 
examples. 
1.4.1.1.  Direct sensing 
Direct sensing, also known as binding site-signal unit, is by far the most common 
chemosensor mechanism and has been extensively employed for cation recognition. In this 
mechanism, the direct binding of a guest species to the ligand results in an often fast, and 
usually reversible, change in the materials electronic properties. As this mechanism has 
received considerable interest, there has been a plethora of systems reported, including 
many systems for the detection of common, toxic, along with economically and 
biologically essential metal ions.50,64–66  
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Stemming from the work of Nobel laureates Pederson, Cram and Lehn on macrocycles, 
numerous examples of various macrocycle derivatives have been synthesised that 
incorporate binding and signal units allowing for selective recognition of analytes. A 
relatively recent example from Bhattacharyya et al. in 201467 is 8, a piperazine linked 
diimine phenol macrocycle that exhibited high selectivity for Zn2+ via a fluorescent 
enhancement (Figure 1.11). Also, the fluorescence of 8-Zn2+ was found to be fully 
quenched by dihydrogen phosphate (H2PO4-). The group then tested the potential of 8 for 
fluorescence imaging in human lung cancer cells, where a similar enhanced fluorescence 
intensity was observed in the presence of Zn2+ that could then be quenched by H2PO4-. 
 
Figure 1.11 Binding site-signal unit chemosensor 8 reported by Bhattacharyya et al. in 2014,67 for 
the fluorescent detection of Zn2+. 
Schiff base ligands have received considerable attention as chemosensors due to the 
simplicity of their synthesis, rigid design and imine group from which the N-donor may 
partake in the coordination sphere of an analyte. Reported by Niu et al. in 201868 is 9, a 
simple colourimetric and fluorescent turn-off chemosensor for the detection of Cu2+. As 
reported by the group, upon coordination to Cu2+ a slight red-shift in absorbance, along 
with a complete quenching of fluorescence is observed. After complexation, the fluorescent 
signal of 9 may be restored by the addition of S2- anions which displace Cu2+ from 9, leaving 
free 9 and forming a highly stable CuS complex (Figure 1.12).  
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Figure 1.12 A Schiff base chemosensor for the detection of Cu2+ which may also be used for the 
displacement detection of S2- anions.68 
Another example of a binding site-signal unit chemosensor is a reversible 2-
styrylquinoline-based sensor, 10, for Al3+ and F- ions reported by Mu et al. in 2014 (Figure 
1.13).69 Unbound, sensor 10 is colourless and has poor fluorescence, while upon Al3+ 
coordination a visible shift in colour to yellow, and a 26-fold fluorescence emission at 545 
nm was reported. On the other hand, in CH3CN, the addition of F- to 10 also gave a visible 
red-shift to red-brown and an increase in fluorescent emission at 575 nm. Furthermore, 
reversibility of 10-Al3+ and 10-F- was reported by adding various ratios of F- or Al3+, 
respectively.  
 
 
Figure 1.13 Reported by Mu et al. in 2014,69 is 10, a reversible 2-styrylquinoline-based sensor for 
colourimetric and fluorescent detection of Al3+ and F- ions. Right-hand image has been reproduced 
with permission from Y.-H. Zhao, X. Zeng, L. Mu, J. Li, C. Redshaw and G. Wei, Sens. Actuators 
B Chem., 2014, 204, 450–458.69 Copyright Elsevier 2014. 
1.4.1.2. Indicator displacement assay (IDA)  
The IDA approach for chemosensing has received considerable attention in recent years, 
especially regarding the sensing of toxic and biologically important anions, like CN- 70-72 
and pyrophosphate (PPi),73,74 as well as neutral molecules such as mustard gas.75 This 
approach often involves a direct sensor that is already noncovalently bound to an analyte, 
which acts as an indicator. The addition of a new guest species to the existing sensor results 
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in a displacement of the original analyte, thus resulting in a change of electronic properties 
which is measurable by colourimetric and/or fluorescent techniques. Generally speaking, 
these sensors rely on the careful tuning of stability constants, as for displacement to occur 
the incoming guest must have a stronger binding affinity for either the ligand or the original 
analyte, allowing for a supramolecular exchange of sorts. It should also be mentioned that 
IDA probes may be designed where the mechanisms for detection are mediated by either 
intermolecular or intramolecular indicator interactions. In the case of an intermolecular 
IDA, an indicator is displaced from the assembly upon analyte interaction. On the other 
hand, intramolecular IDA probes utilise an indicator which is covalently bound to the 
receptor, where upon introduction of an analyte, a weakly bound species is removed from 
the assembly. 
Shown below are examples of IDA systems, the first system is a well-known sensor for 
citrate developed by Anslyn et al. in 199776 and 199877 (Figure 1.14). Initially this work 
produced a receptor (11) that was shown to bind citrate over other anions by nuclear 
magnetic resonance (NMR) and single crystal X-ray diffraction (SC-XRD) studies. 
Expanding from this Anslyn et al., in 199877 bound their receptor (11) to 5-
carboxyfluorescein (12), a fluorescent probe acting as an indicator. Upon the introduction 
of citrate, the indicator (12) is displaced from the receptor (11) resulting in an absorbance 
and fluorescent shift, which was subsequently measured via UV-Vis and fluorescent 
techniques.  
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Figure 1.14 An IDA chemosensor for the detection of citrate, by displacement of 5-
carboxyfluorescein (12) from a receptor (11) reported by Asnlyn in 199776 and 1998.77 
Another IDA approach employed by Yadav and Singh, in 2018,70 is a popular strategy to 
the sensing of CN- anions by displacing Cu2+ (Figure 1.15). This approach utilises the Cu2+ 
chelating product of chemosensor 13. Detection is then possible as the copper-cyanide 
complex is significantly more stable in comparison to 13-Cu2+. Thus, the copper ion is 
displaced from 13, and the absorbance spectrum is shifted back towards that of initial 
uncoordinated 13. 
 
Figure 1.15 A CN- chemosensor proposed by Yadav and Singh in 2018,70 utilising a direct sensor 
for Cu2+ and applying it for CN- detection via a IDA approach. 
In 2013, Vinod Kumar and Eric V. Anslyn75 developed a fluorescent IDA chemosensor for 
the selective and sensitive detection of a mustard gas derivative, 2-chloroethyl ethyl 
sulphide (CEES), based on a metal ion IDA. This probe contained two units, a receptor for 
CEES (14) and a Cd2+ indicator complex (15). CEES rapidly reacts with 14 to give 16 a 
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podand with a high affinity to Cd2+, and in the presence of 15 and at pH 9, 16 displaces 
Cd2+ bound to 15 resulting in a fluorescent enhancement at 460 nm (Figure 1.16). 
 
Figure 1.16 A metal ion IDA for the detection of a mustard gas derivative, CEES, by Vinod Kumar 
and Eric V. Anslyn75. 
It is important to mention that IDA sensors are not only limited to anion and neutral 
molecule sensing. Metal ion IDA sensors have also been reported, where a secondary metal 
ion will displace a pre-bound metal and bind to the ligand. An example of this is a 
fluorescent sensor, 17, by Jiang et al. in 2009,78 for the detection of Cd2+ by Zn2+ 
displacement (Figure 1.17). As chemosensor 17 forms a more stable complex with Cd2+ 
compared to Zn2+, the 17-Zn2+ complex may be used to detect Cd2+ via a displacement of 
Zn2+. Upon Zn2+ displacement by Cd2+ the fluorescent intensity of the probe is increased, 
and blue-shifted from 458 nm (17-Zn2+ complex) to 425 nm (17-Cd2+ complex).  
 
Figure 1.17 The mechanisms proposed by Jiang et al. in 2009,78 for a binding site fluorescent sensor 
for Zn2+ that may also be used to detect Cd2+ by displacement of Zn2+. 
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1.4.1.3. Chemodosimetric 
Chemodosimetric detection involves a highly selective and often irreversible chemical 
reaction of the sensor itself upon analyte interaction on which a physical signal may be 
observed.79 A typical example of a chemodosimetric style sensor is rhodamine, pioneered 
by Czarnik (Figure 1.18).80 Rhodamine and its derivatives have become increasingly 
popular in recent decades where the observable detection response may be colourimetric 
and/or fluorescent irrespective of the paramagnetic nature of some metals. For example, in 
system 18, the binding of Cu2+ causes a ring opening on the sensor which gives a 
fluorescent enhancement at 578 nm and a colourimetric shift from a colourless to a pink 
solution. 
 
Figure 1.18 Rhodamine B chemodosimeter, 18, reported by Czarnik et al. in 1997, for the 
colourimetric and fluorescent detection of Cu2+in a HEPES buffered aqueous acetonitrile mixture.80 
Another common chemodosimetric technique is the detection of Hg2+ by desulfurisation of 
thio groups on a ligand. As with rhodamine-based ring opening mechanisms, 
desulfurisation is often irreversible and causes an ICT shift in a ligand (Figure 1.19). Giving 
a signal measurable using colourimetric and/or fluorescent techniques. An example of a 
chemodosimetric utilising desulfurisation is system 19 developed by Li et al. in 2018.81 
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Figure 1.19 A oligothiophene-based chemodosimetric sensor for the colourimetric detection of 
Hg2+ via desulfurisation, by Li et al. in 2018.81 
Chemodosimetric sensors have also shown promise for the detection of anions. A recent 
example, by Niu et al., shows the detection of CN- using, 20, an oligothiophene-
indanedione-based sensor.82 Upon the nucleophilic addition of CN- to the electron deficient 
region of 20 (Figure 1.20) the absorbance of 20 is blue-shifted from 521 to 378 nm, while 
the fluorescent intensity at 588 nm was increased 37-fold. 
 
Figure 1.20 The chemodosimetric detection of CN- via 20, an oligothiophene-indanedione-based 
sensor.82 
1.4.2. Molecular recognition concerning this project 
A key focus of this dissertation is to produce colourimetric sensors applicable for the 
determination of metal ions. Colourimetric sensors have been selected as they allow for the 
possibility of portable detection without instruments or specialised equipment by naked-
eye observations of solutions colour. When considering environmental systems, this is 
advantageous as it allows for quick screening of samples in the field. This is ideal as it 
removes errors in analysis that may arise from sample degradation due to the time taken 
between sampling and laboratory analysis. Furthermore, as there is the potential for 
detection without instrumentation, colourimetric sensors are also well suited as test kits, 
which may be distributed to local landholders and members of the community at a low cost 
and without specialised training.  
To produce such sensors, 8-hydroxyjulolidine-9-carboxaldehyde and a structurally similar 
salicylaldehyde variant 4-(diethylamino)salicylaldehyde (Figure 1.21) have been utilised 
in this dissertation. This variant of salicylaldehyde was selected over the traditional 
salicylaldehyde as the presence of the terminal diethylamino group strengthens the electron 
Chapter One: Introduction and literature review 
21 
donating properties of the moiety. In comparison between the two selected units, the 
julolidine-based unit is chemically and electronically similar to the 4-
(diethylamino)salicylaldehyde. However while its heterocyclic amine group is a slightly 
stronger electron donor, it is also bulkier in comparison to the diethylamino functional 
group of the salicylic variant. The difference in these groups may have the potential to lead 
to steric hindrance, which in turn, may affect the metal ion binding selectively of the system 
incorporating either of these groups. An excellent example of this was work conducted by 
Narayanaswamy and Govindaraju, in 2012,83 on two structurally similar ligands 
synthesised via a Schiff base condensation of hydrazine with two units of 4-
(diethylamino)salicylaldehyde or 8-hydroxyjulolidine-9-carboxaldehyde. In this work, the 
salicylaldehyde variant exhibited excellent colourimetric detection for Cu2+, while the 
similar ligand incorporating julolidine showed colourimetric detection for Fe3+.  
 
Figure 1.21 The 8-hydroxyjulolidine-9-carboxaldehyde (left) and the structurally similar salicylic 
variant 4-(diethylamino)salicylaldehyde (right). 
Attributed to the strong electron donating properties of both molecular units, and the 
versatility of the aldehyde function group for condensation reactions, these units are ideal 
for the synthesis of push-pull π-conjugated donor-acceptor (D-A) chromophores.84,85 
Consequently, various derivatives of both units have become quite popular in recent 
decades for the development of supramolecular scaffolds for electro-optical materials, such 
as organic light-emitting diodes (OLEDs),86–90 non-linear optics (NLO)91–94 and especially 
sensors. True to this, numerous colourimetric and fluorescent chemosensors incorporating 
8-hydroxyjulolidine-9-carboxaldehyde or 4-(diethylamino)salicylaldehyde have been 
developed for various analytes with common metal ions such as Al3+,95–99 Cr3+,95,100 
Mn2+,101,102 Mn3+,103 Fe2+,97,98,104 Fe3+,83,95,97,98,105 Co2+,106,107 Cu2+ 83,102,105,108–117 and Zn2+ 
97–99,107,118 receiving special interest.  
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1.5. Colourimetric sensors for Cu2+  
Chemosensors for the detection of trace metals, anions, and other small molecules have 
continually flourished as their potential for applications in medical, biological, industrial 
and environmental fields have been explored. In particular, the detection of heavy metals 
such as Fe2+/3+,119,120 Cd2+,121,122 Hg2+,123,124 Pb2+ 125,126 and Cu2+ 127,128 have received 
considerable attention, due to their adverse effects on human health. Of these metal ions, 
copper is the third most abundant micronutrient in humans and is essential for the function 
of several cuproenzymes.129 However, an excess of copper can oxidise cellular components 
through its redox activity, damaging nucleic acids, proteins and lipids.130,131 Hence, an 
imbalance of copper may be detrimental to human health, causing pathogenesis such as 
Parkinson’s disease, Alzheimer’s disease, Wilson’s disease, Menkes disease and 
Amyotrophic Lateral Sclerosis (ALS).132–135 In humans, copper is introduced via dietary 
intake, where absorption occurs in the proximal region of the small intestine, where it is 
then transported to the liver via the portal vein. The World Health Organization (WHO) 
have also established an upper limit of 2 ppm (31.5 μM) of copper in drinking water.136 
Copper is a common pollutant due to its widespread usage in industry, agriculture and 
drinking water systems, where it often finds its way into systems destined for human 
consumption. There are already several analytical techniques for copper determination, 
such as inductive coupled plasma mass spectroscopy (ICP-MS) and atomic absorbance 
spectroscopy (AAS). These are often impractical for members of the general community, 
due to their associated cost, availability and complexity. Hence there is a niche which may 
be filled by simplistic highly specialised and sensitive colourimetric chemosensors.  
Detailed in Table 1.2 and Figures 1.22 & 1.23, the literature is abundant with Cu2+ sensors 
which is unsurprising considering the high stability of Cu2+ complexes as described in the 
Irving-Williams series. However, of the chemosensors reported for low nanomolar 
detection, most are fluorescent based, and only a limited number of colourimetric sensors 
for low nanomolar detection have been developed. Furthermore, of those low nanomolar 
colourimetric sensors, most require neat organic solvent (29 & 30) or are highly 
sophisticated systems incorporating large metallo-organic architectures and have complex 
synthetic procedures (31). Hence, there is still a need to develop a simple yet effective Cu2+ 
sensor for low nanomolar colourimetric detection that is water soluble. 
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Table 1.2 Recent literature examples of nanomolar detection for Cu2+ by colourimetric and 
fluorescent chemosensors. Selectivity for Cu2+ is shown in the competing metals column where ‘no’ 
indicates the presence of other metals does not significantly influence detection of Cu2+, while 
‘n.d.’. indicates no data was collected regarding selectivity. The structures for each chemosensor 
may be found in the following pages as Figures 1.22 & 1.23, chemosensors HLIII and HLIV will be 
introduced later in Table 1.3. 
LoD (nM) Detection method Medium 
Competing 
metals Sensor Reference 
68.6 UV-Vis MeOH/bis-tris buffer (1:1, v/v, 10 mM bis-tris, pH 7) No 21 137 
61.9 UV-Vis CH3CN n.d. 22 138 
40 UV-Vis CH3CN/H2O (varying ratio) n.d. 23 139 
18.9 UV-Vis CH3CN n.d. 24 140 
15.3 UV-Vis Phosphate buffer pH = 5.5 n.d. 25 141 
15 Fluorescence DMF/HEPES buffer (3:7, v/v, 20 mM HEPES, pH 7.4) No 26 142 
11.2 Fluorescence Tris buffer (25 mM, pH 7.4) No 27 143 
7.8 Fluorescence CH3CN/H2O (2:1, v/v) No 28 144 
5.7 UV-Vis CH3CN No 29 145 
5.4 UV-Vis THF n.d. 30 146 
4.5 UV-Vis CH3CN/Tris buffer (1:1, v/v, 10 mM Tris, pH = 7.0) No 31 147 
3.7 UV-Vis MeOH/HEPES buffer (1:1, v/v, 20 mM HEPES, pH 7.00) No HLIII 148 
3.0 Fluorescence CH3CN/MeOH/H2O (1:9:10, v/v/v) No 32 149 
3.0 Fluorescence HEPES buffer (10 mM, pH 8.0) Hg2+ 33 150 
2.3 UV-Vis MeOH/HEPES buffer (1:1, v/v, 20 mM HEPES, pH 7.00) No HLIV 151 
1.45 Fluorescence H2O/CH3CN (2:1, v/v) No 34 152 
1.1 Fluorescence HEPES buffer (20 mM, pH 7.0) No 35 153 
0.739 Fluorescence Britton–Robinson buffer/CH3CN (9:1, v/v, pH = 7.02) No 36 154 
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Figure 1.22 Structures of Cu2+ chemosensors 21-31 that are listed in Table 1.2. 
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Figure 1.23 Structures of Cu2+ chemosensors 32-36 that are listed in Table 1.2. 
In the pursuit of developing a highly selective and sensitive colourimetric sensor for Cu2+, 
several probes have been evaluated that, through LMCT mechanisms, exhibit selectivity 
for Cu2+. The following probes, 37-41, have been chosen as they all contain phenol or amine 
groups in the coordination sphere, as these groups are known as strong electron donors and 
coordinate to Cu2+, which may be ideal for a LMCT chemosensor system. 
In two separate works, the group of Cheal Kim reported two similar chemosensors in which 
their design incorporates electron donating and withdrawing groups to produce probes 
integrating a push-pull ICT that exhibit colourimetric detection for Cu2+. Both probes 
utilised the N-(2-aminoethyl)-5-nitropyridine-2-amine group, which was reacted with 4-
(diethylamino)salicylaldehyde108 (37) or 8-hydroxyjulolidine-9-carboxaldehyde116 (38) via 
a Schiff base condensation (Figure 1.24). In these probes, the julolidine and salicylaldehyde 
groups act as electron donators, while the nitro group on the amino-pyridyl moiety serves 
as an electron withdrawer, hence the push-pull ICT nature of the ligand. Both sensors gave 
a red-shift from their ligand peak maxima of 385 and 382 nm, to a band at 436 and a 
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shoulder at 450 nm upon the coordination of Cu2+, respectively. Despite the stronger 
electron donating properties of the julolidine variant in relation to the salicylaldehyde 
derivate, probe 37 was reported with a better LoD of 0.88 µM, in comparison to 23.5 µM 
for 38. Although not outlined in either work, this variation is likely attributed to the 
formation of a shoulder in 38 instead of a band as observed in 37, which may be a 
solvent/media effect as both probes were measured in different experimental media.  
 
 
Figure 1.24 Chemosensors 37108 and 38116 for the colourimetric detection of Cu2+ which were 
produced by the Cheal Kim group in separate works.  
Another probe utilising 4-(diethylamino)salicylaldehyde in a push-pull ICT configuration 
was recently reported by Zheng et al. in 2018102 (39, Figure 1.25). This probe, also a Schiff 
base, incorporated a diaminomaleonitrile as the electron withdrawing group and showed 
good selectivity for Cu2+ in aqueous THF mixtures buffered to pH 8 using HEPES. 
Detection for Cu2+ was observed via a slight red-shift in solution from yellow to dark 
yellow, and fluorescent quenching was also reported, from which a 155 nM LoD was 
determined. 
 
Figure 1.25 The chemosensor reported by Zheng et al., in 2018, incorporating electron donor and 
withdrawer groups, 4-(diethylamino)salicylaldehyde and cyanide, respectively.102 
While most chemists aim to produce new sophisticated chemosensors, Huo et al. in 2013, 
took a different approach.155 The group simply, and ingeniously, utilised 1,8-
diaminonaphthalene (40), a typical commercial reagent, and showed its potential as a 
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copper chemosensor (Figure 1.26). Upon binding to copper, a colourimetric response was 
reported that resulted in a solution red-shift from 330 nm (colourless) to 380 nm (brown), 
while a fluorescent quench was also observed, from which an impressive 50 nM LoD was 
also calculated. Unlike probes 37-39, 40 does not exhibit push-pull ICT on the ligand itself 
but shows it upon the coordination of Cu2+ which acts as an electron acceptor. 
 
Figure 1.26 A simple chemosensor utilising 1,8-diaminonaphthalene, a commercially available 
reagent, for colourimetric and fluorescent detection of Cu2+.155  
Another chemosensor also using only electron donating groups was reported by Sahoo et 
al. in 2016 (Figure 1.27).156 Synthesised by a Schiff base condensation between equal molar 
ratios of pyridoxal and 1,8-diaminonaphthalene, 41, gave excellent colourimetric and 
fluorescent detection for Cu2+. Upon binding to Cu2+ a significant red-shift was observed 
where the absorbance band of the ligand at 335 nm, colourless, transitioned to a new band 
between 360 and 510 nm, with a peak maxima situated at 450 nm, displaying a yellow 
solution colour. Calculations to determine the LoD of 41 for Cu2+ were measured by 
absorbance and fluorescent titration experiments, where the group reported 1.89 and 10.6 
µM, respectively. 
 
Figure 1.27 A Schiff base chemosensor by Sahoo et al. in 2016, incorporating 1,8-
diaminonaphthalene with a pyridoxal group for the detection of Cu2+ via colourimetric and 
fluorescent techniques.156 
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1.6. The scope of the presented dissertation 
The overarching goal of this dissertation was to design highly selective and sensitive 
colourimetric chemosensors, and then apply the resulting probes in real-world applications. 
When considering the current developments in the chemosensor field, it is possible to 
deduce that an ideal sensor would be one that is highly selective and sensitive for a target 
analyte. However, it is often overlooked that an ideal sensor should also have attributes that 
extend to its practicality as a real-world device. Hence, for a sensor to be successful it 
should also utilise a simplistic detection method and it must be economically viable to 
synthesis and deploy. To achieve this, the 8-hydroxyjulolidine-9-carboxaldehyde and 4-
(diethylamino)salicylaldehyde moieties introduced in Figure 1.21 were considered due to 
their favourable optical properties and abundant use in reported chemosensor systems. 
Initial investigations into the interactions of julolidine and salicylaldehyde moieties were 
undertaken using two different ligands, a julolidine-quinoline based sensor HLI and a 
salicylaldehyde-tris based ligand H4LII (Table 1.3). The former, initially reported by Kim 
et al. in 2014157 as a Co2+ sensor, was subsequently used in this dissertation to explore its 
coordination arrangement and optical properties with common divalent d-block metal ions 
and lanthanoid ions Eu3+ and Gd3+. The latter, H4LII, was explored as a water-soluble and 
flexible chemosensor, however preliminary investigations found its colourimetric 
chemosensor properties are not ideal for real-world applications. This system was then 
explored with Zn2+ to probe the effect anions may have on the resulting structure and its 
fluorescent properties. Expanding from this work, the 1,8-diaminonaphthalene group was 
considered as it has been incorporated into a number of successful chemosensor systems, 
and even reported alone as a highly sensitive Cu2+ sensor (40).155 Additionally, it was 
hypothesised that probes incorporating 8-hydroxyjulolidine-9-carboxaldehyde or 4-
(diethylamino)salicylaldehyde moieties with 1,8-diaminonaphthalene would result in a 
ligand with strong D-D electronic properties, which may exhibit an intense signal upon 
Cu2+ complexation. In practice this held true as both resulting chemosensors, HLIII and 
HLIV (Table 1.3), exhibited an exceptional LoD of 3.7 and 2.3 nM which was calculated 
from their respective colourimetric responses. Expanding from the success of 
chemosensors HLIII and HLIV, a protocol utilising HLIII was developed for the quantitative 
determination of exchangeable Cu2+ on soils. 
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Table 1.3 The table below shows the four ligands used throughout this project, as chapters 2, 3, 5 
and 6 were prepared and submitted for publication as individual works, ligands HLI, H4LII HLIII, 
and HLIV appear in each respective chapter as HL or H4L. To easily introduce and describe these 
ligands, the following naming convention is only applied to this chapter. 
Ligand Name & respective chapter/s 
  
HLI 
 
Presented as HL in chapters 2 & 3 
 
 
H4LII 
 
Presented as H4L in chapter 4 
 
HLIII 
 
Presented as HL in chapters 5 & 7, and 
as HLʹ in chapter 6 
 
 
HLIV 
 
Presented as HL in chapter 6 
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1.6.1. Chapter 2 – 3d transition metal complexes with a julolidine‒quinoline-based 
ligand: structures, spectroscopies and optical properties 
Firstly, in chapter 2 inspiration was taken from a reported julolidine-quinoline based Co2+ 
chemosensor, HLI,157 and its complexation and optical properties with common d-block 
metal ions was then investigated. As detailed in the reported work from Kim et al. in 
2014,157 while HLI only gives a visible response for Co2+, it does interact with other d-
block metals such as Al3+, Fe3+, Cu2+ and Zn2+. Furthermore, a similar probe incorporating 
4-(diethylamino)salicylaldehyde (Figure 1.28), reported colourimetric detection for Co2+, 
while Zn2+ and Mg2+ could be detected using fluorescent techniques.158 
 
Figure 1.28 Left, is a julolidine-quinoline based colourimetric sensor for Co2+ developed by Kim 
et al. in 2014,157 and on the right is a similar salicylaldehyde-quinoline sensor reported by Tang et 
al. in 2014,158 which gave colourimetric detection for Co2+ and fluorescent detection for Mg2+ and 
Zn2+. 
To continue from Kim’s work, in this dissertation the crystal structures of HLI with 
common divalent d-block metal ions, Mn2+, Co2+, Ni2+, Cu2+ and Zn2+, along with the 
absorbance and fluorescent spectra of the resulting complexes in methanol, have been 
explored.  
1.6.2. Chapter 3 – Dinuclear complexes of europium(III) and gadolinium(III) ions 
with a julolidine-quinoline based tridentate ligand 
Expanding from work in the previous chapter, chapter 3 utilises the same julolidine-
quinoline based ligand, HLI, and explores its coordination with trivalent lanthanoid metal 
ions gadolinium and europium. As lanthanoid metal ions exhibit larger ionic radii and a 
higher coordination number, it may be hypothesised that there would be significant 
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structural variations from the d-block metals observed in chapter 2. Furthermore, 
lanthanoid metals are well known for their fluorescent properties, and as such the solution 
and solid-state fluorescence of the synthesised assemblies have been investigated. 
1.6.3. Chapter 4 – Anion tuning of Zn2+ architectures using a tris-base salicylic ligand  
Although HLI was reported for detection in aqueous media, in this dissertation it was 
contradictorily found that its water solubility was limited. As the design of a sensor with 
higher water solubility is advantageous, the work explored in chapter 4 utilises the water-
soluble tris-base primary amine. The addition of these hydroxyl-groups successfully 
allowed for water solubility, and preliminary chemosensor experiments were conducted in 
up to 99% water, buffered by HEPES (1% DMSO). While the ligand showed excellent 
selectivity for Cu2+, the colourimetric response was a minor blue-shift, resulting in a new 
band on the shoulder of the ligand band. In practice, this translates to a colourless solution 
before and after the introduction of Cu2+; thus H4LII was not pursued further for 
chemosensor studies.  
It was considered that the coordination sphere of the ligand would be highly flexible due to 
the 3 hydroxymethyl groups of the tris-base component. Thus, the coordination 
arrangement of the ligand should, in theory, be diverse and mediated by several chemical 
processes such as the chelating metal ions preferential geometry and number, along with 
the presence of anions or other guest species. The Zn2+ ion is known to have a flexible 
coordination arrangement, and often forms complexes with coordination numbers ranging 
from 4-6 and several geometries. In addition to this, Zn2+ is diamagnetic and 
supramolecular assemblies incorporating zinc often exhibit excellent fluorescence 
properties. Hence, studying the interaction of H4LII with different zinc metal salts should 
provide some insight as to how the presence of particular anion species may mediate the 
ligands structural conformation, and in turn the effect this has on the observed fluorescent 
properties. 
1.6.4. Chapters 5 & 6 – Colourimetric chemosensor detection of Cu2+  
Chapter 5 and 6 will follow the development of two similar chemosensors, HLIII and HLIV. 
The ligand HLIII is a salicylaldehyde-diaminonaphthalene based sensor while HLIV is 
similar with a hydroxyl-julolidine in place of the salicylic group. Both ligands incorporate 
an electronic push-push system comprised of two electron donating moieties which upon 
binding to Cu2+ give a dual LMCT. Furthermore, it was decided to use the coordination 
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sphere of two amines and one phenol, since the N atom is less electronegative than O, it is 
more willing to donate electrons than O and is hence a better electron donor. As Cu2+ acts 
as an electron acceptor, it was hypothesised that upon its coordination the ICT of the ligand 
is converted from a D-D to a D-A system, this significant shift in electronic properties 
should also be reflected in the probes optical properties. In practice, this dual LMCT results 
in an intense redshifted absorbance band from which an impressive 3.7 and 2.3 nM LoD 
was calculated for HLIII and HLIV via UV-Vis spectrophotometry, respectively. 
Unlike the other ligands produced in this dissertation, HLIII and HLIV, although synthesised 
from a condensation, are not Schiff base ligands. As Schiff base ligands may undergo 
hydrolysis in acidic aqueous conditions, it was decided to use amine groups instead. This 
has allowed HLIII and HLIV to be utilised for Cu2+ in acidic conditions, while also 
increasing the stability of the ligand. True to this both probes show reversibility.  
1.6.5. Chapter 7 – A colourimetric chemosensor for quantification of exchangeable 
Cu2+ in soil 
One of the overarching goals of chemosensors is to produce sensors that are suitable for 
metal ion recognition in complex and mixed metal environments. A new frontier explored 
in this thesis is to use supramolecular sensors for metal ion detection in soils. This is an 
extension of chapter 5, which demonstrated the detection of copper in aqueous solutions. 
Soils are important chemical and biological systems for sustaining human populations. The 
chemistry of soil dictates the mobility of elements and even the availability of elements to 
organisms. A primary measure of soil fertility is the quantification of elements adsorbed to 
the soil mineral phases, a measure that is termed ‘exchangeable’ ions. These exchangeable 
ions are available to organisms, but the electrostatics ensure that these ions are not readily 
removed through interactions with water. The standard technique to quantify these 
exchangeable ions in soils is to wash with a high ionic strength salt solution and then 
determine ions through ICP-MS. Chapter 7 will explore the use of a chemosensor to detect 
exchangeable cations in laboratory grade montmorillonite and kaolin as model systems, 
and the technique is also applied to contaminated soil.  
i. In this work, it was decided to use ligand HLIII (Table 1.3) which will be explored 
first in chapter 5. Although chapter 6 reports an optimised sensor (HLIV) with a 
slightly better limit of detection (LoD), it was determined that HLIII is more suitable 
for real-world applications and this is detailed in the following points: Cost of 
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synthesis; HLIII is significantly cheaper to produce as the salicylic group used is 
more affordable and the yield is much higher. 
 HLIII, 4-(Diethylamino)salicylaldehyde is ~ AUD 5.44 per gram with a 
synthesis yield of 82%. 
 HLIV, 8-Hydroxyjulolidine-9-carboxaldehyde is ~ AUD 38.38 per gram 
with a synthesis yield of 25%. 
ii. Ligand robustness; the reversible nature of HLIII sustained more cycles than that of 
HLIV when cycling with Na2H2EDTA and CuCl2. 
iii. Solubility; HLIII was shown to have slightly better solubility in organic-aqueous 
mixtures 
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CHAPTER TWO: 3D TRANSITION METAL COMPLEXES WITH A 
JULOLIDINE‒QUINOLINE-BASED LIGAND: STRUCTURES, 
SPECTROSCOPIES AND OPTICAL PROPERTIES 
The ligand presented in this work is introduced as HLI in chapter 1, however this chapter will 
follow the naming convention HL as presented in the published work. 
The work presented in this chapter has been accepted for publication in a peer-reviewed 
journal. This work in manuscript format may be found online using the following reference: 
Daniel J. Fanna, Yingjie Zhang, Li Li, Inna Karatchevtseva, Nicholas D. Shepherd, Abdul 
Azim, Jason R. Price, Janice Aldrich-Wright, Jason K. Reynolds, and Feng Li, Inorganic 
Chemistry Frontiers, 2016, 3 (2), 286-295. 
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2.1. Abstract 
A Schiff base ligand with the combination of the julolidine and the quinoline groups has 
been reported as a potential chemosensor in detecting the Co2+ ion among other heavy and 
transition metal ions in solution. However, no crystal structure of such a ligand with any 
metal ions has been reported. In this work, its complexation with 3d transition metal ions 
(Mn2+, Co2+, Ni2+, Cu2+ and Zn2+) has been investigated with five new complexes being 
synthesised and spectroscopically and structurally characterised. 
[Mn2L2(CH3OH)2(CH3COO)2]·CH3OH (1) {HL (C22H21N3O) = ((E)-9-((quinolin-8-
ylimino)methyl)-1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-8-ol)} shows a dinuclear 
structure with two Mn:L:CH3COO (1:1:1) units bridged by two methanol molecules. 
[CoL2(NO3)]·CH3OH·H2O (2) and [NiL2]·H2O (3) exhibit mononuclear structures with a 
Co:L or Ni:L ratio of 1:2. [CuL(CH3COO)]·1/3CH3OH (4) demonstrates a mononuclear 
structure, and the Cu2+ ion has a square planar coordination polyhedron with a L ligand and 
a highly non-symmetrical acetate anion. [Zn2L2(CH3COO)2]·CH3OH (5) has two types of 
dinuclear units, both with two ZnL units bridged by two acetate anions but in three different 
bridging coordination modes. Their vibrational modes, absorption and photoluminescence 
properties have also been investigated. 
  
Chapter Two: 3d transition metal complexes with a julolidine‒quinoline-based ligand: structures, spectroscopies and 
optical properties 
44 
2.2. Introduction 
In the last few decades, colourimetric supramolecular chemistry has attracted considerable 
attention due to the promise of optical property based applications in new technological 
fields, e.g. chemosensors, fluorescent probes, biomedical imaging, dye-sensitised solar 
cells, and phase-change optical data storage.1-10 The success of these applications is 
fundamentally reliant on the interactions between colourimetric molecules and external 
stimuli, such as guest molecules, temperature, pressure, and/or light.11-13 Exploration of the 
systems controlling these interactions is vital for an in-depth understanding of how 
molecular forces mediate the characteristics within a supramolecular system.14-16 
Subsequently, this knowledge has the potential to be utilised in future syntheses to 
accurately design a supramolecular system for targeted applications, through directed self-
assembly techniques.17-19 
The julolidine group is well known for its visible and fluorescence optical properties while 
acting as a strong signal unit.20-22 Consequently, it has become a popular group in the 
colourimetric studies of metallo-supramolecular systems. The versatility of julolidine has 
been observed in many chemosensor systems which exhibit selective molecular recognition 
often for a metal ion23-26 or anion.27-29 In addition, julolidine exhibits fluorescence 
properties in nature which can be explored in the application of fluorescence sensors.30-33 
Despite strong research effort into julolidine systems, only limited examples of material 
characterisation involving solid-state techniques such as single crystal X-ray diffraction, 
electron microscopy and vibrational spectroscopy have been utilised.34, 35 
The Schiff base ligand, HL (Figure 2.1), consisting of 8-hydroxyjulolidine-9-
carboxaldehyde with 8-aminoquinoline, has been reported by Kim and coworkers.36 
Previous studies have demonstrated that such a ligand has the potential as a Co2+ 
chemosensor, and a complex of CoL2 in solution was confirmed by electrospray ionisation 
mass spectroscopy (ESI-MS).36 However, no crystal structure for any metals with HL is 
currently available. Clearly, there is an urgent need to fill an important niche of structural 
investigations between solution and solid-state studies. More importantly, the structural 
knowledge will, in turn, provide direct input into the ligand design for future chemosensors 
towards the potential detection of transition and heavy metal ions.  
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Figure 2.1 Synthesis of HL. 
The main focus of this contribution is the structural characterisation and fluorescence 
properties of the julolidine–quinoline based ligand HL with selected 3d transition metal 
ions. Herein, we report the synthesis, spectroscopy, structures and optical properties of five 
new complexes of HL with Mn2+, Ni2+, Co2+, Cu2+ and Zn2+ ions in the presence of acetate 
and Co3+ in the presence of nitrate anions for structure only: a dinuclear structure with two 
Mn(L)(CH3COO)(CH3OH) units bridged by the two methanol molecules for 
[Mn2L2(CH3OH)2(CH3COO)2]·CH3OH (1); two mononuclear structures with a Co:L/Ni:L 
ratio of 1:2 for [CoL2(NO3)]·CH3OH·H2O (2) and [NiL2]·H2O (3); a mononuclear structure 
in the form of Cu(L)(CH3COO) for [CuL(CH3COO)]·1/3CH3OH (4); and two types of 
dinuclear units, both with pairs of Zn(L)(CH3COO) units bridged by the two acetate anions 
but in three different bridging coordination modes for [Zn2L2(CH3COO)2]·CH3OH (5). 
 
2.3. Results and discussion 
2.3.1. Synthesis and characterisation 
Ligand HL was prepared by optimising a literature procedure.36 The 1H NMR spectrum 
(Figure 2.S1) and electrospray ionisation high-resolution mass spectrometry (ESI-HRMS) 
(Figure 2.S2) results were consistent with the proposed structure of HL. Complexes 1–5 
were prepared by reactions of metal acetates and HL in methanol in a ratio of 1:2. Although 
the extra ligand has been applied for all reactions, only Ni2+ and Co3+ complexes can be 
obtained in the formula of ML2 in the solid-state. In solution, the ESI-HRMS results 
(Figures 2.S3, S6, S9, S12 and S14) easily revealed major peaks of ML2 for complexes 1, 
2 and 3, and ML for complexes 3, 4 and 5. A few minor fragments of ML for 1 and 2 were 
also identified (Figures 2.S3 and S6). The appropriate isotope patterns for their complexes 
were observed (Figures 2.S4, S5, S7, S8, S10, S11, S13 and S15) and the isotopic 
N
O
OH
+
NH2N
CH3CN
PTSA
N
N
OH
N
HL8-Aminoquinoline8-Hydroxyjulolidine-9-carboaldehyde
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distributions for ML or ML2 are in great agreement with their calculated patterns. In 
addition, SEM-EDS analysis confirmed the presence of C, N, O and Mn in 1; C, N, O, and 
Co in 2; C, N, O and Ni in 3; C, N, O, and Cu in 4; and C, N, O, and Zn in 5 (Figures S16–
S20). 
2.3.2. Structure description and discussion 
The crystal data and refinement details for complexes 1–5 are summarised in Table 2.1, 
and selected bond lengths of the metal coordination polyhedron are listed in Table 2.2. The 
asymmetric unit of 1 contains a Mn2+ ion coordinated by a tridentate L ligand, a 
monodentate acetate and a methanol molecule. The expansion by symmetry shows that the 
structure of 1 is constructed with two Mn(L)(CH3COO) units linked by two bridging 
methanol molecules forming a dinuclear complex (Figure 2.2a). The Mn2+ ion is chelated 
by L [2.051(2) Å for Mn1–N1, 1.999(2) Å for Mn1–N2 and 1.881(2) Å for Mn1–O1], a 
monodentate acetate [2.182(2) Å for Mn1–O2] and two bridging methanol molecules 
[1.896(2) and 2.258(2) Å for Mn1–O4 and Mn1–O4′] making a slightly distorted octahedral 
coordination environment for the Mn2+ metal centre. The Mn–Mn distance within the 
dinuclear complex is 3.222(1) Å. The L ligand adopts fairly flat conformation (Figure 
2.2b). Strong π–π interactions between dinuclear units (Figure 2.2b) lead to the formation 
of one dimensional (1D) columns along the crystallographic c-axis (Figure 2.2c). The free 
terminal carboxylate O atom of the acetate anion is involved in hydrogen bonding with the 
lattice methanol molecule (Table 2.3). 
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Table 2.1 Crystal data and refinement details for complexes 1-5. 
 
  
Complex 1 2 3 4 5 
Formula C50H53N6O9Mn2 C45H44N7O6Co C44H42N6O3Ni  C73H73N9O10Cu3  C49H50N6O7Zn2 
Formula 
weight 
991.86 837.80 761.54 1427.02 965.73 
Crystal system monoclinic monoclinic monoclinic monoclinic triclinic 
Space group P21/n P21/n C2/c P21/c P-1 
a (Å) 10.460(2) 21.900(4) 20.534(4) 8.9270(18) 12.804(3) 
b (Å) 12.325(2) 18.010(4) 13.565(3) 23.859(5) 17.462(3) 
c (Å) 18.253(4) 23.630(5) 15.695(3) 29.072(6) 19.515(4) 
α (o) 90 90 90 90 87.20(3) 
β (o) 94.73(3) 101.89(3) 125.65(3) 98.29(3) 88.48(3) 
γ (o) 90 90 90 90 89.90(3) 
Volume (Å3) 2345.2(8) 9120(3) 3552.3(16) 6127(2) 4356.5(15) 
Z / μ (mm−1) 2 / 0.602 8 / 0.429 4 / 0.599 4 / 1.105 4 / 1.162 
Min./Max. θ [o] 2.239/30.164 1.155/27.924 2.005/27.914 1.653/25.499 1.045/30.069 
dcalcd (g cm−3) 1.405 1.220 1.424 1.547 1.472 
GOF 1.038 1.104 1.082 1.075 1.085 
Final R1 a [I > 
2σ(I)] 
0.0638 0.0808 0.0340 0.0763 0.0620 
Final wR2 b [I > 
2σ(I)] 
0.1797 0.2523 0.0859 0.2068 0.1658 
a R1 = Σ∥Fo|−|Fc∥/|Fo|. b wR2 = {Σ[w(Fo2 − Fc2)2]/Σ[w(Fo2)2]}1/2. 
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Table 2.2 Selected bond lengths of metal coordination polyhedron in 1-5. 
1 
Mn1‒O1 1.881(2) Mn1‒N1 2.051(2) 
Mn1‒N2 1.999(2) Mn1‒O2 2.182(2) 
Mn1‒O4 1.896(2) Mn1‒O4’ 2.258(2) 
2   
Co1‒O1 1.881(2) Co1‒N1 1.946(3) 
Co1‒N2 1.904(3) Co1‒O2 1.874(2) 
Co1‒N4 1.935(3) Co1‒N5 1.907(3) 
Co2‒O3 1.878(2) Co2‒N7 1.940(3) 
Co2‒N8 1.905(3) Co2‒O4 1.879(2) 
Co2‒N10 1.941(3) Co2‒N11 1.900(3) 
3    
Ni1‒O1 2.028(2) Ni1‒N1 2.094(2) 
Ni‒N2 2.021(2)   
4    
Cu1‒O1 1.895(3) Cu1‒N1 1.985(4) 
Cu1‒N2 1.944(4) Cu1‒O2 1.948(3) 
Cu1‒O3 2.678(4) Cu2‒O4 1.896(3) 
Cu2‒N4 1.999(3) Cu2‒N5 1.939(4) 
Cu2‒O5 1.950(4) Cu2‒O6 2.763(3) 
Cu3‒O7 1.842(4) Cu3‒N7 1.992(4) 
Cu3‒N8 1.977(4) Cu3‒O8 1.962(4) 
Cu3‒O9 2.677(4)   
5    
Zn1A‒O1A 1.974(2) Zn1A‒N1A 2.134(3) 
Zn1A‒N2A 2.052(2) Zn1A‒O1AA 2.070(2) 
Zn1A‒O1BB 2.108(2) Zn1B‒O1B 2.007(2) 
Zn1B‒N1B 2.181(3) Zn1B‒N2B 2.042(2) 
Zn1C‒O1C 1.998(2) Zn1C‒N1C 2.185(3) 
Zn1C‒N2C 2.030(2) Zn1C‒O2CC 2.011(2) 
Zn1C‒O1DD 2.007(2) Zn1D‒O1D 1.988(2) 
Zn1D‒N1D 2.150(3) Zn1D‒N2D 2.060(3) 
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Figure 2.2 a) An ellipsoidal plot (50% probability) of the dinuclear structure of 1, b) π–π 
interactions between dinuclear units and c) crystal packing view along the c-axis.  
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Table 2.3 Calculated hydrogen bonds for complexes 1-5. 
Donor—H···Acceptor d(D—H) d(H···A) d(D···A) (DHA) 
1     
O5—H5A···O3 0.82 2.16 2.682(8) 122 
2     
O1A—H1A···O1B3 0.82 2.54 2.8221 102 
O2A—H2A···O2B2 0.82 2.18 2.7902 132 
3     
O1W—H1W···O1 0.89 2.03 2.820(2) 149 
4     
O1S—H1S···O6 0.82 1.90 2.719(7) 176 
5     
O1S—H1S···O2CC 0.82 1.91 2.725(4) 170 
O2S—H2S···O2BB 0.82 1.90 2.717(4) 173 
 
Complex 2 has two 1:2 mononuclear complexes (Figure 2.3a and 2.3b) in the asymmetric 
unit with two Co3+ ions each coordinated by two L ligands [1.946(3) Å for Co1–N1, 
1.904(3) Å for Co1–N2 and 1.881(2) Å for Co1–O1; 1.935(3) Å for Co1–N4, 1.907(3) Å 
for Co1–N5 and 1.874(2) Å for Co1–O2; 1.940(3) Å for Co2–N7, 1.905(3) Å for Co2–N8 
and 1.878(2) Å for Co2–O3; 1.941(3) Å for Co2–N10, 1.900(3) Å for Co2–N11 and 
1.879(2) Å for Co2–O4] making octahedral coordination environments for the Co3+ metal 
centres. The L ligands have fairly flat conformations leading to parallel packing in the 
crystal lattice (Figure 2.3c). The lattice methanol molecules and nitrate anions are involved 
in hydrogen bonding (Table 2.3). Although Kim and co-workers36 have reported the 
preparation of ligand (HL) and its use as a Co2+ chemosensor, no X-ray structure of the 
corresponding cobalt complex was presented. In their studies, the majority of the evidence 
suggested that the complex was a Co2+ species; the ESI-MS result conflicted with this in 
that it was in accord with the presence of Co3+. In this study, the Co3+ structure determined, 
indicates that aerial oxidation of the initial Co2+ complex formed in solution occurs prior 
to crystallisation. 
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Figure 2.3 a & b) The ellipsoidal plots (50% probability) of the mononuclear structure of 2, and c) 
crystal packing along the c-axis. 
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The asymmetric unit of 3 has half of a Ni2+ ion on a centre symmetry coordinated by a 
tridentate L ligand with half a lattice water molecule. The expansion by symmetry shows 
that 3 has a 1:2 mononuclear structure (Figure 2.4a) with a Ni2+ ion coordinated by two L 
ligands [2.028(2) Å for Ni1–N1, 2.094(2) Å for Ni1–N2 and 2.028(2) Å for Ni1–O1] 
making an octahedral coordination environment for the Ni2+ metal centre. The L ligand has 
a slightly twisted boat conformation (Figure 2.4a). The lattice water molecule forms a 
hydrogen bond with both L ligands (O1 and O1#) (Figure 2.4a) (Table 2.3). The 
mononuclear structures in the butterfly shape are packed in the crystal lattice (Figure 2.4b). 
 
Figure 2.4 Structure of 3. a) An ellipsoidal plot (50% probability) of the mononuclear structure 
with hydrogen bonds in orange and b) a crystal packing along the c-axis. 
The asymmetric unit of 4 contains three distinguished mononuclear complexes, each was 
made up of a Cu2+ ion coordinated by a L ligand [1.985(4) to 1.999(3) Å for Cu–N1/N4/N7; 
1.939(4) to 1.977(4) Å for Cu–N2/N5/N8 and 1.842(4) to 1.896(3) Å for Cu–O1/O4/O7] 
and a chelating acetate anion [1.948(4) to 1.962(3) Å Cu–O2/O5/O8 and 2.677(4) to 
2.763(3) Å Cu–O3/O6/O9] making square planar coordination polyhedra for the Cu2+ metal 
centres (Figure 2.5a) as Cu–O3/O6/O9 weak bonding represents an intermediate 
coordination mode of acetate between mono- and bidentate. Extensive π–π interactions 
(Figure 2.5b) between mononuclear complexes lead to the parallel crystal packing in the 
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crystal lattice (Figure 2.5c). A free terminal carboxylate O atom (O6) from one of the 
acetate anions is involved in hydrogen bonding with the lattice methanol molecule (Table 
2.3). 
 
Figure 2.5 Structure of 4: a) An ellipsoidal plot (50% probability) of the mononuclear structure. b) 
π-π interactions between mononuclear units and c) a crystal packing view along the c-axis. 
Structure 5 is composed of two dinuclear units (Figure 2.6a and 2.6b) in the asymmetric 
unit. Each dinuclear unit has two pairs of ZnL units bridged by two acetate anions. In the 
dinuclear unit a (Figure 2.6a), both Zn2+ ions are coordinated to a chelating L [2.134(3) Å 
for Zn1A–N1A, 2.052(3) Å for Zn1A–N2A, 1.974(3) Å for Zn1A–O1A; 2.181(3) Å for 
Zn1B–N1B, 2.042(3) Å for Zn1B–N2B, 2.007(2) Å for Zn1B–O1B] and two bridging 
acetates [2.070(2) Å for Zn1A–O1AA, 2.108(2) Å for Zn1A–O1BB; 2.014(2) Å for Zn1B–
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O1AA, 2.022(2) Å for Zn1B–O2BB] making slightly distorted trigonal bipyramidal 
coordination environments for both Zn2+ metal centres. The two bridging acetate anions 
adopt different coordination modes: one bridges through only one carboxylate O and the 
other bridges through both carboxylate O atoms in the cis-arrangement. In the case of 
dinuclear unit b (Figure 2.6b), both Zn2+ ions are coordinated with one chelating L 
[2.185(3) Å for Zn1C–N1C, 2.030(3) Å for Zn1C–N2C, 1.998(2) Å for Zn1C–O1C; 
2.150(3) Å for Zn1D–N1D, 2.060(3) Å for Zn1D–N2D, 1.988(2) Å for Zn1D–O1D] and 
two bridging acetates [2.007(2) Å for Zn1C–O1DD, 2.011(2) Å for Zn1C–O2CC; 2.129(2) 
Å for Zn1D–O1CC, 2.120(2) Å for Zn1D–O1DD, 2.480(2) Å for Zn1D–O2DD]. Again, 
the two acetate anions have different coordination modes: one bridges through both 
carboxylate O atoms in the cis-arrangement whilst the other one chelates to one metal 
centre and then bridges to the other via one carboxylate O atom making coordination of 
Zn1C in a trigonal bipyramidal polyhedron and coordination of Zn1D in an octahedral 
polyhedron. The Zn–Zn distances within the dinuclear units range from 3.625(4) Å for 
Zn1A–Zn1B to 3.701(4) Å for Zn1C–Zn1D. The L ligands adopt very flat conformations 
(Figure 2.6c) leading to isolated dinuclear packing along the crystallographic c-axis (Figure 
2.6c). Carboxylate O atoms (O2BB and O2CC) are involved in hydrogen bonding with the 
lattice methanol molecules (Table 2.3). 
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Figure 2.6 Structure of 5. a) Ellipsoidal plots (50% probability) of dinuclear unit a, b) unit b and 
c) a crystal packing view along the c-axis. 
Three structural types, e.g.1:1 mononuclear (4); 1:2 mononuclear (2 and 3); and 2:2 
dinuclear (1 and 5), have been identified in this study. The coordination of HL to Cu2+ 
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produced a square planar polyhedron in 4 where a tridentate L and an acetate anion were 
bound to the metal centre with the acetate in a highly non-symmetrical fashion. It is 
interesting to observe one normal carboxylate O bonding to the Cu2+ ion with an average 
bond length of 1.951(3) Å for Cu1–O2/O5/O8 while the other with a much longer average 
Cu–O bond, average 2.704(3) Å for Cu1–O3/O6/O9. This represents an intermediate 
coordination mode between mono- and bidentate with the second oxygen atom weakly 
interacting with the metal centre. Such acetate bonding to the Cu2+ ion has been observed 
in early studies.37-40 The mononuclear structure with a metal to ligand ratio of 1:2 exhibiting 
an octahedral coordination geometry was found for both Co3+ in 2 and Ni2+ in 3. In the 
literature, many complexes of Mn2+, Fe2+/3+, Co2+/3+, Ni2+ and Zn2+ ions with Schiff base 
ligands in the similar tridentate (N, N, O) geometry result in similar 1:2 complexes due to 
the preferred metal octahedral coordination polyhedra.41-48 Although Mn2+ ions in 1 also 
adopt octahedral coordination geometry, its structure was not consistent with that observed 
for Co3+ and Ni2+. Instead, two MnLCH3COO units were bridged together by two methanol 
molecules forming a dinuclear complex with two monodentate acetate anions. This 
dinuclear structure was unique not only because a 1:2 coordination arrangement was not 
formed but also due to the fact that the dinuclear complex was bridged through methanol 
molecules. A slightly different dinuclear structure has been identified in 5 with acetate 
anions bridging in three different coordination modes. In fact, the acetate anions are present 
as monodentate in 1 and 4, and bridging in 5. It is apparent that the crystal structures 
obtained in this study have been controlled by two main factors. One is the metal preferred 
coordination geometry, and the other is the competition of additional ligands, e.g. acetate 
anion and methanol solvent in the case of 1 and 5. It is also observed that the L ligand can 
adopt flexible, from fairly flat (1, 2, 4 and 5) to bending (3) conformations. The flat ligand 
conformations present in 1, 2, 4 and 5 lead to closely parallel packing of ligands in the 
crystal lattice. Consequently, π–π interactions are very common in their crystal structures. 
2.3.3. Raman spectroscopy 
The vibrational modes of the five complexes have been examined using Raman 
spectroscopy. All Raman spectra of complexes 1–5 (Figure 2.7) resemble each other quite 
well and are similar to the Raman spectrum of HL (Figure 2.7) due to the presence of the 
same ligand. Common features mainly from the quinoline group49-51 include: ν(C C) at 
1564 cm−1; ν(C N) at 1494 cm−1; ν(CC) + ν(CN) at 1466 and 1321–1300 cm−1; ν(C–C) at 
1370 cm−1; ν(C–N) + δ(CH), in-plane bending at 1234 cm−1; δ(CH), in-plane bending + 
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δ(CNC) at 1093 cm−1; ν(CNCH) at 965 cm−1; δ(CH), out-of-plane bending + δ(CCC) + 
δ(CCN) at 806 cm−1. 
 
Figure 2.7 Raman spectra of HL and 1-5 in 2,000-200 cm-1 region. 
2.3.4. Absorption and photoluminescence 
The absorption spectra of the five metal acetates [Mn2+, Co2+, Ni2+, Cu2+ and Zn2+] and HL 
in methanol solutions with a metal to ligand ratio of 1:2 are shown in Figure 2.8. HL gives 
double absorption maxima at ∼440 and ∼455 nm and the corresponding complexes have 
the absorption maxima slightly shifted to ∼468 nm upon complexation, with a further shift 
to ∼480 nm for 3. The Co3+ ion gives a very similar absorption spectrum to that of Ni2+ but 
with a bit further shift towards ∼495 nm, consistent with the earlier observation.36 After 
excitation at 470 nm, HL and 1–4 have the fluorescence emission maxima at ∼560 nm with 
the exception of 5 which has the fluorescence emission maxima shifted to ∼575 nm (Figure 
2.8). It is also evident that the Mn2+ ion in 1, Co3+ ion in 2, Ni2+ ion in 3 and Cu2+ ion in 4 
quench the ligand fluorescence emission while the Zn2+ ion in 5 has enhanced the ligand 
fluorescence emission. It has been well documented that paramagnetic metal ions quench 
fluorescence in systems of the present type. On the other hand, Zn2+ with its full-shell 
electronic configuration (d10) does not profit from ligand field effects. In addition, the Zn2+ 
ion is photophysically inactive, as it does not display any one-electron redox activity and 
cannot be involved in the electronic transfer process. However, the Zn2+ ion can exert an 
indirect effect on the emitting activity of a proximate fluorophore, which may lead to 
fluorescence regeneration or enhancement,52, 53 as observed in the present study. 
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Figure 2.8 The absorption and emission spectra of HL and 1-5 in methanol solutions. 
The solid-state fluorescence emission spectra of complexes 1–5 together with ligand HL 
are shown in Figure 2.9. Similar to the observation from the solution study, the fluorescence 
of HL is completely quenched in complexes 2 and 3 which have the metal to ligand ratio 
of 1:2, and partially quenched in complexes 1 and 4 which have the metal to ligand ratio of 
1:1, with emission maxima at ∼588 nm. As expected, the enhancement of solid-state 
fluorescence emission of HL in the presence of Zn2+ in 5 is obvious with the emission 
maximum shifted.  
 
Figure 2.9 The emission spectra of HL, and complexes 1-5 in the solid-state. 
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2.4. Experimental section 
2.4.1. Materials 
All reagents were purchased from commercial sources and used without further 
purification. 
2.4.2. Physical measurements 
The 1H NMR spectrum was recorded on a Bruker 300 MHz spectrometer. Scanning 
electron microscope ‒ electron dispersive spectroscopy (SEM-EDS) was conducted using 
a Zeiss Ultra Plus SEM (Carl Zeiss NTS GmbH, Oberkochen, Germany) under an 
accelerating voltage of 20 kV. High-resolution electrospray ionisation mass spectroscopy 
(ESI-HRMS) analysis was conducted utilising a Waters Xevo QToF/nanoaquity UPLC in 
positive ion mode. Raman spectra were recorded on a Bruker Senterra using the OPUS 
software and excitation laser 785 nm in the range of 2,000‒100 cm-1. Absorption spectra 
were collected using an Agilent Cary 100 spectrophotometer. Fluorescent emission 
measurements were conducted on a Shimadzu RF-5301PC instrument with a Xenon lamp 
and an excitation wavelength of 470 nm. Solid-state fluorescent emission spectra were 
measured on an Olympus FluoView™ FV1000 Confocal Laser Scanning Microscope, with 
an external Argon Ion laser (488 nm). 
2.4.3. Ligand synthesis 
The synthesis of ligand (HL) involved Schiff base condensations using an optimisation of 
a literature method.36 8-Hydroxyjulolidine-9-carboxaldehyde (500 mg, 2.3 mmol) was 
dissolved in 15 mL acetonitrile. To this solution, an acetonitrile solution of 8-
aminoquinoline (330 mg, 2.3 mmol) in 15 mL was added dropwise. After that, a few 
milligrams of p-toluenesulfonic acid was added as a catalyst. This reaction was conducted 
under reflux conditions and a nitrogen atmosphere for 18 hours. Once reflux had concluded, 
the solution underwent a hot filtration to remove any solid impurities. The filtrate was left 
to evaporate, additional CH3CN was added, and a yellow precipitate was collected. This 
process was repeated three times, with an approximately 60% yield. 1H NMR (300 MHz, 
CDCl3): δ (ppm) 9.01 (q, 1H), 8.36 (s, 1H), 8.13 (q, 1H), 7.54 (d, 3H), 7.44 (q, 1H), 6.74 
(s, 1H), 3.26 (t, 4H, julolidine – aliphatic ring), 3.85 (t, 2H, julolidine – aliphatic ring), 2.65 
(t, 2H, julolidine – aliphatic ring), 1.95 (m, 4H, julolidine – aliphatic ring). ESI-HRMS 
(positive-ion detection, MeOH): m/z = 344.1767 (calc. 344.1763 for [HL+H]+). 
Chapter Two: 3d transition metal complexes with a julolidine‒quinoline-based ligand: structures, spectroscopies and 
optical properties 
60 
2.4.4. Complex synthesis 
The complexation of HL with Mn2+, Co2+, Ni2+, Cu2+ and Zn2+ ions was carried out using 
metal acetates. As the procedures for preparing the five complexes are essentially the same, 
the general preparation of complexes 1–5 is detailed below. 
HL (100 mg, 0.29 mmol) was dissolved in 15 mL of methanol. The required metal (Mn2+, 
Co2+, Ni2+, Cu2+ and Zn2+) acetate (0.145 mmol) in 15 mL of methanol was slowly added 
to the above ligand solution. The mixture was then heated at 70 °C for 90 minutes. Hot 
filtration was immediately conducted to remove any solid impurities. The products 1–5 
were obtained by slow evaporation. The single crystals of 1, 3–5 used for X-ray 
crystallography were obtained by slow diffusion of diethyl ether vapour into the resulting 
complexes in MeOH. Unfortunately, the single crystal of complex 2 in the acetate form 
could not be obtained, although several crystallisation methods have been performed. 
While a single crystal of 2 was successfully obtained using Co2+ nitrate instead of acetate 
with the addition of triethylamine for deprotonation of HL. 
1: Yield: 62%. UV/Vis (MeOH): λmax/nm = 468, Raman (solid-state, laser = 785 nm): 1563, 
1494, 1467, 1371, 1302, 1224, 1090, 807 cm−1. ESI-HRMS (positive-ion detection, 
MeOH): m/z = 739.2599 (calc. 739.2593 for [MnL2]+); 397.1007 (calc. 397.0987 for 
[MnL]+). 
2: Yield: 40%. UV/Vis (MeOH): λmax/nm = 495, Raman (solid-state, laser = 785 nm): 1615, 
1563, 1493, 1467, 1371, 1302, 1220, 1090, 520, cm−1; ESI-HRMS (positive-ion detection, 
MeOH): m/z = 743.2559 (calc. 743.2545 for [CoL2]+); 401.0951 (calc. 401.0938 for 
[CoL]+). 
3: Yield: 73%. UV/Vis (MeOH): λmax/nm = 480, Raman (solid-state, laser = 785 nm): 1617, 
1564, 1490, 1463, 1418, 1372, 1298, 1264, 1233, 1088, 1020, 960, 803, 502 cm−1. ESI-
HRMS (positive-ion detection, MeOH): m/z = 743.2646 (calc. 743.2644 for [NiL2+ H]+); 
400.0950 (calc. 400.0960 for [NiL]+). 
4: Yield: 46%. UV/Vis (MeOH): λmax/nm = 468, Raman (solid-state, laser = 785 nm): 1567, 
1494, 1467, 1376, 1320, 1298, 1273, 1232, 1093, 1027, 961, 807, 519, 490 cm−1. ESI-
HRMS (positive-ion detection, MeOH): m/z = 405.0913 (calc. 405.0902 for [CuL]+). 
5: Yield: 66%. UV/Vis (MeOH): λmax/nm = 468, Raman (solid-state, laser = 785 nm): 1565, 
1494, 1466, 1428, 1373, 1301, 1236, 1091, 1065, 969, 896, 829, 806, 635, 505, 442, 316 
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cm−1. ESI-HRMS (positive-ion detection, MeOH): m/z = 406.0902 (calc. 406.0898 for 
[ZnL]+). 
2.4.5. Single crystal X-ray diffraction 
The single crystal X-ray diffraction measurements for complexes 1–5 were carried out on 
the MX1 beamline at the Australian Synchrotron. The diffraction data were collected using 
Si<111> monochromated synchrotron X-ray radiation (λ = 0.71074) at 100(2) K with Blu-
Ice software54 and were corrected for Lorentz and polarisation effects using the XDS 
software.55 An empirical absorption correction was then applied using SADABS.56 The 
structures were solved by direct methods, and the full-matrix least-squares refinements 
were carried out using a suite of the SHELX program57, 58 via the Olex2 interface.59 All 
non-hydrogen atoms were located from the electron density maps and refined 
anisotropically. Hydrogen atoms bound to carbon atoms were added in the ideal positions 
and refined using a riding model. The refinement of 4 revealed that one (Cu3) of the three 
distinguished mononuclear units has a carbon atom at the julolidine side disordered in two 
equal positions. In addition, the carboxylate O atom occupying one of the square positions 
deviates from the plane. Consequently, the relatively higher negative residue density at Cu3 
causes several alerts at the B level. Furthermore, the data completeness for 4 is a bit low 
due to its crystallisation in the low symmetry space group and the crystal suffered gradual 
radiation damage which only allows one circle data collection possible. All potential 
hydrogen bonds were calculated using PLATON.60 
 
2.5. Conclusions 
Five new complexes with structures ranging from mononuclear with a metal to ligand ratio 
of 1:1 or 1:2 to dinuclear bridged by either acetate anions or methanol molecules have been 
synthesised and characterised. Octahedral coordination geometry is favoured in Mn2+, Co3+ 
and Ni2+ complexes with a dinuclear structure for Mn2+ via unique methanol bridging 
instead of acetate bridging. Co3+ and Ni2+ ions adopt mononuclear structures with the metal 
to ligand ratio of 1:2 with a flat ligand conformation for the Co3+ complex and a twisted 
boat ligand conformation for the Ni2+ complex. The Cu2+ complex shows a 1:1 
mononuclear structure with a square planar coordination polyhedron consisting of a L 
ligand and a highly non-symmetrical bonded acetate anion. Such a structural arrangement 
is dominated by the preferred coordination geometry of the Cu2+ ion. The Zn2+ complex 
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has two types of dinuclear structures with pairs of ZnL units bridged by two acetates in 
three different coordination modes. Consequently, both trigonal bipyramidal and 
octahedral coordination environments are present within one compound, which is a rare 
observation. The formation of the ligand and the corresponding metal complexes have been 
confirmed by ESI-HRMS, SEM-EDS and Raman spectroscopy. In addition, the 
complexation of HL with 3d metal ions results in slightly redshifts of the absorption 
maxima. As expected, the presence of Mn2+, Co2+/Co3+, Ni2+ and Cu2+ ions quench the 
ligand fluorescence emission to some extent while the presence of Zn2+ has shown ligand 
fluorescence enhancement with a further red-shift of the emission maximum. Further 
studies on different anions and rare earth metal ions with such a ligand are ongoing and 
will be reported in due course. 
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2.7. Supporting information 
 
Figure 2.S1 1H NMR 300 MHz spectrum of ligand HL in CDCl3. 
 
Figure 2.S2 High-resolution ESI-Mass spectrum of HL in MeOH. The inset shows the isotope 
pattern for [H2L]+ in both experiment (bottom) and simulation (top). 
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Figure 2.S3 High-resolution ESI-Mass spectrum of complex 1 in MeOH. 
 
 
 
Figure 2.S4 The isotope patterns (bottom) with the simulated distribution (top) for [MnL2]+. 
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Figure 2.S5 The isotope patterns (bottom) with the simulated distribution (top) for [MnL]+. 
 
 
 
Figure 2.S6 High-resolution ESI-Mass spectrum of complex 2 in MeOH. 
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Figure 2.S7 The isotope patterns (bottom) with the simulated distribution (top) for [CoL2]+. 
 
 
 
Figure 2.S8 The isotope patterns (bottom) with the simulated distribution (top) for [CoL]+. 
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Figure 2.S9 High-resolution ESI-Mass spectrum of complex 3 in MeOH. 
 
 
 
Figure 2.S10 The isotope patterns (bottom) with the simulated distribution (top) for [NiL]+. 
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Figure 2.S11 The isotope patterns (bottom) with the simulated distribution (top) for [NiL2+H]+. 
 
 
 
Figure 2.S12 High-resolution ESI-Mass spectrum of complex 4 in MeOH. 
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Figure 2.S13 The isotope patterns (bottom) with the simulated distribution (top) for [CuL]+. 
 
 
 
Figure 2.S14 High-resolution ESI-Mass spectrum of complex 5 in MeOH. 
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Figure 2.S15 The isotope patterns (bottom) with the simulated distribution (top) for [ZnL]+. 
 
 
Figure 2.S16 A backscattered SEM image of complex 1 (left) and an EDS spectrum (right). 
 
 
Figure 2.S17 A backscattered SEM image of complex 2 (left) and an EDS spectrum (right). 
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Figure 2.S18 A backscattered SEM image of complex 3 (left) and an EDS spectrum (right). 
 
 
 
Figure 2.S19 A backscattered SEM image of complex 4 (left) and an EDS spectrum (right). 
 
 
 
Figure 2.S20 A backscattered SEM image of complex 5 (left) and an EDS spectrum (right). 
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CHAPTER THREE: DINUCLEAR COMPLEXES OF 
EUROPIUM(III) AND GADOLINIUM(III) IONS WITH A 
JULOLIDINE-QUINOLINE BASED TRIDENTATE LIGAND 
The ligand presented in this work is introduced as HLI in chapter 1, however this chapter will 
follow the naming convention HL as presented in the published work. 
The work presented in this chapter has been accepted for publication in a peer-reviewed 
journal. This work in manuscript format may be found online using the following reference: 
Daniel J. Fanna, Yingjie Zhang, Anya Salih, Jason K. Reynolds, and Feng Li, Journal of 
Coordination Chemistry, 2016, 69 (11-13), 1883-1892. 
 
Graphical abstract:  
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3.1. Abstract 
The reaction of Eu3+ or Gd3+ acetates with a Schiff base ligand {HL (C22H21N3O) = ((E)-
9-((quinolin-8-ylimino)methyl)-1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-8-ol)} in 
methanol affords two dinuclear complexes which have been characterised by powder X-
ray diffraction, Raman spectroscopy, scanning electron microscope–electron dispersive 
spectroscopy, absorption and emission spectroscopies as well as single crystal X-ray 
diffraction. [Eu2L2(CH3COO)4(CH3OH)2] (1) and [Gd2L2(CH3COO)4(CH3OH)2] (2) are 
isostructures, each consisting of two M:L:CH3COO:CH3OH (1:1:1:1) units bridged by two 
acetate anions with the metal centre in a distorted tricapped trigonal prismatic coordination 
geometry. Their vibration modes, electronic structures, and photoluminescent properties 
are reported. 
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3.2. Introduction 
Research into 3d transition metallo-supramolecular chemistry is well established with 
many systems discovered and characterised. However, current understanding of similar 
systems with lanthanoid metal ions is underdeveloped with most work completed only in 
recent decades.1, 2 Yet these systems have been found to exhibit unique properties suited 
for applications in magnetic, optical, luminescent, and electrochemical fields.3-10 
As lanthanoid metal ions are quite different from 3d transition metal ions, exhibiting a 
larger ionic radius, higher coordination numbers and 4f electron configurations, the 
coordination arrangements of known 3d metallo-supramolecular systems may not 
coordinate to lanthanoid ions in the same manner. Attempting coordination with similar 
systems has the potential to yield profitable results, while also enlightening how various 
metal ion characteristics affect ligand coordination. 
The julolidine group is renowned for its visible and fluorescent optical properties, while 
also acting as a strong signal unit.11-13 Consequently, it has been recognised as a versatile 
group for colourimetric metallo-supramolecular systems. Current research into these 
systems focuses on selective molecular recognition with common transition metals14-18 
and/or anions.19-23 The julolidine-based colourimetric material used in this research is a 
Schiff base chemosensor ligand, HL, consisting of 8-hydroxyjulolidine-9-carboxaldehyde 
with 8-aminoquinoline in a 1:1 synthesis (Figure 3.1).24, 25. In previous studies, our group24 
and another25 have investigated the complexation of HL with 3d transition metal ions. In 
contrast, no report of HL complexation with lanthanoid metal ions is available. Hence, 
there is a requirement to provide insight to the crystal structures of 4f metal ions with HL, 
alongside optical characterisation, as this has the potential to aid in the design of future 
ligands for targeted detection towards lanthanoid metal ions. 
As an extension of our previous studies of HL with 3d transition metals, this work deals 
with the synthesis and characterisation of Eu3+ and Gd3+ complexes with HL in the presence 
of acetate. Herein, we report two new dinuclear structures with bridged acetate anions, 
[Eu2L2(CH3COO)4(CH3OH)2] (1) and [Gd2L2(CH3COO)4(CH3OH)2] (2). Acetate-bridged 
dinuclear structures of Ln3+ have been previously reported,26 however, using a different 
ligand. 
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Figure 3.1 The structure of ligand HL.24 
3.3. Results and discussion 
3.3.1. Synthesis 
Both complexes were synthesised by direct reaction of HL with Eu3+ or Gd3+ acetates in 
methanol solutions. Examination of the products by SEM reveals that 1 is in large prismatic 
single crystal form and 2 is in very fine prisms. Scanning electron microscope–electron 
dispersive spectroscopy (SEM-EDS) results confirmed the presence of C, O, and Eu in 1 
(Figure 3.2) and C, O, and Gd in 2 (Figure 3.3). In addition, the measured powder X-ray 
diffraction (PXRD) patterns of 1 (Figure 3.4) and 2 (Figure 3.5) are in agreement with the 
corresponding PXRD patterns calculated from the single crystal data, suggesting that 
single-phase materials have been prepared in both cases. 
 
Figure 3.2 A backscattered SEM image (left) and an EDS spectrum (right) of 1 showing the 
presence of C, O, and Eu. 
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Figure 3.3 A backscattered SEM image (left) and an EDS spectrum (right) of 2 showing the 
presence of C, O, and Gd. 
 
 
Figure 3.4 PXRD patterns of 1 with the measured on top and the simulated at the bottom. 
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Figure 3.5 PXRD patterns of 2 with the measured on top and the simulated at the bottom. 
3.3.2. Structure description and discussion 
The crystal data and structural refinement details for 1 and 2 are summarised in Table 3.1. 
Selected bond lengths (Å) for the metal coordination environments are listed in Table 3.2 
and the calculated hydrogen bonds are summarised in Table 3.3. The asymmetric unit of 1 
has a Eu3+ coordinated by a tridentate L, a chelating acetate, a monodentate acetate, and a 
monodentate methanol. The expansion by symmetry shows that 1 has a dinuclear structure 
with each Eu3+ centre coordinated by a tridentate L [2.544(4) Å for Eu1–N1, 2.565(4) Å 
for Eu1–N2, and 2.306(3) Å for Eu1–O1], two chelating acetates [2.443(3) Å for Eu1–O2 
and 2.444(3) Å for Eu1–O3; 2.383(3) Å for Eu1–O4, and 2.457(3) Å for Eu1–O5], a 
bridging acetate oxygen [2.728(3) Å for Eu1–O4′], and a monodentate methanol [2.478(3) 
Å for Eu1–O6] (Figure 3.6a). The dinuclear units are closely packed in the crystal lattice 
(Figure 3.6b). Similarly, the asymmetric unit of 2 has a Gd3+ coordinated by a tridentate L, 
a chelating acetate, a monodentate acetate, and a monodentate methanol. The expansion by 
symmetry shows that 2 has a dinuclear structure with each Gd3+ centre coordinated by a 
tridentate L [2.537(5) Å for Gd1–N1, 2.559(5) Å for Gd1–N2, and 2.299(4) Å for Gd–O1], 
two chelating acetates [2.445(4) Å for Gd1–O2 and 2.433(4) Å for Gd1-O3; 2.366(4) Å for 
Gd1–O4 and 2.443(4) Å for Gd1–O5], a bridging acetate oxygen [2.719(4) Å for Gd1–
O4′], and a monodentate methanol [2.455(4) Å for Gd1–O6] (Figure 3.7a). The dinuclear 
units are closely packed in the crystal lattice (Figure 3.7b). 
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Table 3.1 Crystal data and refinement details for 1 and 2. 
a R1 = Σ∥Fo|−|Fc∥/|Fo|. b wR2 = {Σ[w(Fo2 − Fc2)2]/Σ[w(Fo2)2]}1/2. 
Table 3.2 Selected bond lengths (Å) for 1 and 2. 
 
Table 3.3 Calculated potential hydrogen bonds for 1 and 2. 
 
  
Complex 1 2 
formula C54H59N6O12Eu2 C54H59N6O12Gd2 
formula weight 1287.99 1298.57 
crystal system monoclinic monoclinic 
space group P21/c P21/c 
a (Å) 11.387(2) 11.387(2) 
b (Å) 12.427(3) 12.427(3) 
c (Å) 18.521(4) 18.521(4) 
 (o) 100.29(3) 100.29(3) 
V (Å3) 2578.7(9) 2578.7(9) 
Z / dcalcd (g cm−3) 2 / 1.659 2 / 1.672 
μ (mm−1) / F(000) 2.479 / 1294 2.619 / 1298 
Rint 0.0791 0.1373 
params refined 350 349 
GOF 1.036 1.054 
Final R1 a [I > 2σ(I)] 0.0373 0.0535 
Final wR2b [I > 2σ(I)] 0.0760 0.1211 
1    
Eu1-O1 2.306(3) Eu1-O2 2.441(3) 
Eu1-O3 2.444(3) Eu1-O4 2.383(3) 
Eu1-O4’ 2.728(3) Eu1-O5 2.457(3) 
Eu1-O6 2.478(3) Eu1-N1 2.544(4) 
Eu1-N2 2.565(4)   
2    
Gd1-O1 2.299(4) Gd1-O2 2.445(4) 
Gd1-O3 2.433(4) Gd1-O4 2.366(4) 
Gd1-O4’ 2.719(4) Gd1-O5 2.443(4) 
Gd1-O6 2.455(4) Gd1-N1 2.537(5) 
Gd1-N2 2.559(5)   
Donor—H···Acceptor d(D—H) d(H···A) d(D···A) (DHA) 
1     
O6—H6···O1 0.87 1.80 2.637(5) 161 
2     
O6—H6···O1 0.86 1.87 2.647(5) 150 
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Figure 3.6 a) An ellipsoidal plot (50% probability) of the dinuclear structure of 1, b) crystal packing 
view along the crystallographic a-axis. 
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Figure 3.7 a) An ellipsoidal plot (50% probability) of the dinuclear structure of 2, b) crystal packing 
view along the crystallographic a-axis. 
Both Eu3+ in 1 and Gd3+ in 2 are nine-coordinate (tridentate L, two chelating acetates, one 
bridging acetate, and one methanol molecule) with a slightly distorted tricapped trigonal 
prismatic coordination polyhedron (Figure 3.8a). The coordinated methanol molecules 
have unique hydrogen bonding with the L within the dinuclear structure (Figure 3.8b; Table 
3.3). 
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Figure 3.8 a) Eu/Gd coordination polyhedron and b) hydrogen bonds are shown in orange lines 
between L and coordinated methanol molecules within the dinuclear complex. 
3.3.3. Raman Spectroscopy 
The vibrational modes of 1 and 2 have been examined using Raman spectroscopy. Raman 
spectra of 1 and 2 (Figure 3.9) resemble each other quite well and are quite similar to the 
Raman spectra of HL and complexes of 3d transition metal ions.24 Common features 
mainly from L and acetate include: v(C=O) at 1578(sh) cm−1 in 1 and 1580(sh) cm−1 in 2; 
v(C=C) at 1564 cm−1; v(C=N) at 1497 cm−1 in 1 and 1496 cm−1 in 2; v(C–N) + δ(CH), in-
plane bending at 1236 cm−1 in 1 and 1238 cm−1 in 2; δ(CH), in-plane bending + δ(CNC) at 
1093 cm−1 in 1 and 1095 cm−1 in 2; v(CNCH) at 970 cm−1; δ(CH), out-of-plane bending + 
δ(CCC) + δ(CCN) at 809 cm−1 in 1 and 807 cm−1 in 2. 
 
Figure 3.9 Raman spectra of 1 (a) and 2 (b) in 2,000-150 cm-1 region. 
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3.3.4. Absorption and photoluminescence 
Absorption spectra of the two metal complexes (Eu3+ in 1 and Gd3+ in 2) and HL in 
methanol at 0.02 mM are shown in Figure 3.10. HL gives double absorption maxima at 
~440 and ~455 nm, while 1 and 2 have similar spectra with absorption maxima significantly 
shifted to ~360 nm. After excitation at 360 nm, both 1 and 2 show enhanced fluorescence 
emission intensity at ~535 nm compared to HL with emission maxima at ~560 nm. These 
results are in agreement with the absorption spectra. 
 
Figure 3.10 Solution absorption and emission spectra of HL, 1 and 2 in methanol solutions with 
ex = 360 nm. 
The solid-state fluorescence emission spectra of HL, 1 and 2 are shown in Figures 3.S1–3, 
respectively. Under a two-photon excitation source (λex = 720 nm), HL gives fluorescence 
emission maximum at ~605 nm. Compared to HL, the spectra show the emission maximum 
shifted to ~535 nm for 1 and 550 nm for 2. The results are consistent with the observation 
from solution studies. 
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3.4. Experimental 
3.4.1. Synthesis 
The synthetic procedures of 1 and 2 are similar; only a general procedure is detailed here. 
[Eu2L2(CH3COO)4(CH3OH)2] (1) or [Gd2L2(CH3COO)4(CH3OH)2] (2): HL (100 mg, 0.29 
mmol) was dissolved in 15 mL of methanol; to this solution Eu3+/Gd3+ acetate hydrate (0.10 
mmol) dissolved in 15 mL of methanol was added. The mixture was heated at 70 °C for 90 
min. Hot filtration was immediately conducted to remove any solid impurities. A small 
amount of reaction solution was taken for the crystallisation of single crystals via diethyl 
ether vapour diffusion. Slow evaporation was then undertaken on the remaining solution. 
After a week, red single crystals were formed from vapour diffusion, while a fine crystalline 
powder was found from slow evaporation. 
1: Yield ~70% based on Eu content. UV/vis (MeOH) λmax/nm = 360, fluorescence emission 
(MeOH, ex: 360 nm) λmax/nm = 535, Raman (solid-state, laser = 785 nm): 1578(sh), 1564, 
1497, 1467, 1405, 1371, 1305, 1236, 1093, 1063, 970, 895, 809, 762, 636, 578, 475, 444, 
320, 289, 206 cm−1. 
2: Yield ~80% based on Gd content. UV/vis (MeOH) λmax/nm = 360, fluorescence emission 
(MeOH, ex: 360 nm) λmax/nm = 535, Raman (solid-state, laser = 785 nm): 1580(sh), 1564, 
1496, 1469, 1408, 1370, 1306, 1238, 1095, 1062, 970, 893, 831, 807, 636, 576, 475, 443, 
321 cm−1 
3.4.2. Characterisation 
3.4.2.1. Single crystal X-ray diffraction 
Single crystal X-ray data for 1 and 2 were collected at 100(2) K on the MX1 beamline at 
the Australian Synchrotron with a Silicon Double Crystal radiation (λ = 0.71074 Å). All 
data were collected using Blu-Ice software.27 Cell refinements and data reductions were 
carried out using XDS software.28 The structures were solved by direct methods, and full-
matrix least-squares refinements were carried out using SHELX suite of programs29, 30 via 
Olex2 31 interface. The refinements of 1 and 2 were direct with all non-hydrogen atoms 
located on the electron density map and refined anisotropically. The hydrogens were added 
in the calculated positions and refined using a riding model. Potential hydrogen bonds were 
calculated using PLATON.32 
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3.4.2.2. Powder X-ray diffraction 
PXRD data were collected on a Bruker D8 Advance X-ray diffractometer with Cu Ka 
radiation, in the range of 5° < 2θ < 50°, with a step size of 0.02° (2θ) and an acquisition 
time of 2 s per step. Samples were lightly ground in diethyl ether, then pipetted onto an 
amorphous silicon PXRD slide. 
3.4.2.3. Scanning electron microscope-energy disperse spectroscopy 
SEM-EDS was carried out using a Jeol JSM 6510LV with an AMPtek silicon drift EDS 
detector operating at 25 Kv in low vacuum mode with a chamber pressure of 35 pa (1) and 
49 pa (2). Samples were mounted to carbon tabs without any further preparation, and EDS 
was used to confirm the presence of key elements. 
3.4.2.4. Raman spectroscopy 
Raman spectra were collected on a Bruker Senterra matched to OPUS software with 785 
nm laser at 10 mW. Samples were exposed to a laser beam for 10 s, and the spectra were 
averaged for 20 runs. Baseline corrections were conducted through OPUS. 
3.4.2.5. Absorption and photoluminescence 
Absorption spectra were collected using an Agilent Cary 100 spectrophotometer at a scan 
rate of 300 nm min−1 and an interval of 0.5 nm. Solution fluorescent emission spectra were 
collected using a Shimadzu RF-5301PC fluorometer with a Xenon lamp and excitation 
wavelength of 360 nm, at 1 nm intervals. Blank solutions of methanol were run for baseline 
corrections across both instruments, and the same sample solutions were utilised for both 
absorption and emission spectroscopy. A 0.02 mM solution of HL in methanol was 
prepared from the solid product. Both solutions of 1 and 2 were prepared by the addition 
of one equivalent of Eu3+ or Gd3+ acetate salts to a 0.02 mM solution of HL in methanol. 
The solutions of 1 and 2 were kept in a dark, room temperature environment until reaction 
stabilisation was achieved (~50 h). Absorption and emission spectroscopy for 1 and 2 were 
reconducted after 3 weeks; there are only minor variations in peak heights. 
Solid-state fluorescence emission spectra were determined using an inverted Leica TCS 
SP5 (Leica Microsystems, Heidelberg, Germany) confocal microscope with a two-photon 
laser (Chameleon) tuned to 720nm to excite the samples. Samples were imaged using a x10 
objective mounted in non-fluorescent immersion oil. Emission micro spectra were 
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determined by analysing the samples in xyl scan mode at 420 to 690 nm (HL) and at 420 
to 660 nm (1 and 2, respectively). 
 
3.5. Conclusion 
Two new dinuclear complexes of Eu3+ in 1 and Gd3+ in 2 with L and bridged acetates have 
been synthesised and characterised. The formation of both complexes has been confirmed 
by powder X-ray diffraction, Raman spectroscopy, SEM-EDS, absorption, and emission 
spectroscopies as well as single crystal X-ray diffraction. Two distorted tricapped trigonal 
prismatic metal centres were observed, and these centres are bridged by each other through 
two acetate molecules. Furthermore, an additional acetate and methanol group also 
coordinated with each metal centre. Their vibrational modes and optical properties have 
also been investigated. 
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3.7. Supporting information 
 
Figure 3.S1 Solid-state emission spectrum of HL with a two-photon excitation source ex = 720nm, 
the inset shows a false colour image of the crystal of HL. 
 
Figure 3.S2 Solid-state emission spectrum of 1 with a two-photon excitation source ex = 720nm, 
the inset shows a false colour image of the crystal of 1. 
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Figure 3.S3 Solid-state emission spectrum of 2 with a two-photon excitation source ex = 720nm, 
the inset shows a false colour image of a solid-state sample of 2. 
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CHAPTER FOUR: ANION TUNING OF ZN2+ ARCHITECTURES 
USING A TRIS-BASE SALICYLIC LIGAND 
The ligand presented in this work is introduced as H4LII in chapter 1, however this chapter 
will follow the naming convention H4L as presented in the published work.  
The work presented in this chapter has been accepted for publication in a peer-reviewed 
journal and was invited to be displayed on the cover of the journal. This work in manuscript 
format may be found online using the following reference: 
Daniel J. Fanna, Alexander R. Craze, Isaac Etchells, Saroj Bhattacharyya, Jack K. Clegg, 
Evan G. Moore, Christopher E. Marjo, Adrian Trinchi, Gang Wei, Jason K. Reynolds, and 
Feng Li, CrystEngComm, 2019, 21, 4267-4274. Invited for cover image 
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4.1. Abstract 
In this study, a hydroxyl-rich Schiff base ligand, H4L, and its resulting complexes with 
ZnCl2, Zn(CH3COO)2 and Zn(ClO4)2 were explored. Interestingly, depending on the zinc 
salt, and/or the crystallisation method, four unique structures were obtained. A synthesis 
with ZnCl2 gave 1, a mononuclear structure (Zn(H3L)2), while with Zn(CH3COO)2, a 
trinuclear system [Zn3(H3L)2(CH3COO)4], 2, was found. Interestingly two multinuclear 
architectures were observed with Zn(ClO4)2. Firstly, a diethyl ether diffusion of the 
methanolic reaction mixture with minimal atmospheric air volume gave 3, a hexanuclear 
architecture of the type [Zn6(H2L)4(H3L)2](ClO4)2, while a slow evaporation of a similar 
mixture gave 4, a nonanuclear architecture with the formula [Zn9(H2L)6(CO3)2](ClO4)2. 
Compound 4 unexpectedly fixed atmospheric CO2 as CO32-, incorporating it into the 
architecture. As expected, a diethyl ether diffusion with a larger volume of air (~100 mL) 
of a similar methanolic reaction mixture gave a mixture of 3 and 4. In addition, bulk 
samples of all compounds were also investigated by PXRD, and are in good agreement 
with the observed single crystal data. Furthermore, complexes 1-4 were characterised using 
FT-IR and simultaneous thermal analysis (STA), and additionally the photophysical 
properties of H4L and complexes 1-4 have also been explored. 
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4.2. Introduction 
A key strategy in supramolecular chemistry is metal directed self-assembly, where in short, 
metal ions are used to direct the assembly of ligand molecules. Synthetically, this process 
is often mediated by careful selection of ligand binding groups, metal ions with preferential 
coordination geometries and preference for hard/soft ligand donors, anion selection, the 
presence of neutral molecules, and/or the experimental conditions. Sometimes these 
systems are predictable and many unique materials have been constructed by such 
methods.1–9 On the other hand, predicting these systems may also be challenging, especially 
when using multi-dentate ligands with several flexible binding groups. As the chemical 
architecture of a material has a direct influence on its physical properties, it is important to 
understand how we can manipulate or control such systems. In addition, when a reaction is 
undertaken under particular atmospheric conditions, there is the potential for the gas to be 
involved in the architecture produced. For example, a number of systems have been shown 
to fix atmospheric CO2 and incorporate it into the synthesised architecture as carbonate or 
bicarbonate.10–16 This property is attractive for potential future applications in gas capture 
and catalysis.17–21 
It has been well documented that hydroxyl-rich Schiff base ligands have demonstrated 
water solubility and may crystallise in a variety of conformations, often producing 
structures with several metal ions in close proximity to each other.22–25 This is likely due to 
the flexible nature of these chelating groups which provide the system with greater 
conformational freedom. As there is a driving force to develop multi-nuclear complexes 
for new applications in magnetic,25–27 catalytic,28 optical29,30 and biological systems,31 there 
is an urgency to study flexible chelating groups such as hydroxyl-rich compounds and 
identify the processes that are involved in determining the structural conformation of their 
resultant complexes. Additionally, the reagents 4-(diethylamino)salicylaldehyde and the 
structurally similar 8-hydroxyjulolidine-9-carboxaldehyde are well known for their optical 
properties,32–36 and are of interest to our group.37–40  
Herein, we have synthesised a new hydroxyl-rich Schiff base ligand, H4L, from the 
condensation of 4-(diethylamino)salicylaldehyde and tris-base (Figure 4.1). We then 
investigated the complexation of H4L with various Zn2+ salts (chloride, acetate and 
perchlorate). As a metal centre, Zn2+ was chosen for this study as it’s well known that Zn2+ 
ions may coordinate in a variety of different geometries, with coordination numbers ranging 
from four-six, often providing conformational flexibility.41 In addition, Zn2+ is diamagnetic 
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owing to its d10 electron configuration, and is hence ideal for the synthesis of optical 
materials. Zinc complexes of H4L were found to crystallise in various architectures, 
depending on the anion and experimental conditions used. 
 
Figure 4.1 Schematic representation for the synthesis of H4L 
 
4.3. Results and discussion 
4.3.1. Synthesis and characterisation 
The ligand, (E)-2-((4-(diethylamino)-2-hydroxybenzylidene)amino)-2-
(hydroxymethyl)propane-1,3-diol (H4L) was synthesised via a condensation with tris-base 
and 4-(diethylamino)salicylaldehyde in ethanol. H4L was then characterised by 1H and 13C 
NMR, electrospray ionisation high resolution mass spectrometry (ESI-HRMS), elemental 
analysis and FT-IR, where the observed results are in good agreement with the proposed 
structure (Figures 4.S1-4). Thermogravimetric analysis (TGA) of H4L demonstrates that 
the material exhibits a decomposition onset calculated at 214.4 ˚C, and by 590 ˚C, H4L 
undergoes almost complete decomposition with a total mass loss of 97.7 % (Figure 4.S5). 
Complexes 1, 2, and 4 were prepared by the reaction of H4L with various zinc salts (ZnCl2, 
Zn(CH3COO)2 and Zn(ClO)4, respectively) in MeOH with a stoichiometry of 1:1. 
Triethylamine was utilised to deprotonate non-acetate mixtures and single crystals were 
grown from a slow evaporation of the methanolic reaction mixtures. An additional 
complex, 3, was synthesised using a similar procedure as with 4 (Zn(ClO)4), but 
crystallisation was conducted by a vapour diffusion of diethyl ether into the methanolic 
reaction mixture. It was noted that when carrying out this crystallisation process in a 20 mL 
vial with minimal air volume, ~ 2 mL, only a single crystal morphology was observed, 3. 
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When the same mixture was diffused in a larger vial (250 mL) with a greater volume of air, 
~ 100 mL, two obvious crystal morphologies were found, which were complex 4 as a by-
product, and complex 3 as the dominant product. Synthesis with ZnCl2 gave, 1, a 
mononuclear Zn(H3L)2 system, while in the case of Zn(CH3COO)2, a trinuclear structure 
[Zn3(H3L)2(CH3COO)4] (2) was observed where acetate ions bridge the metal centres. 
Interestingly two different conformations were observed for Zn(ClO4)2, a diethyl ether 
diffusion with minimal air volume (~2 mL) gave, 3, a ([Zn6(H2L)4(H3L)2](ClO4)2) 
hexanuclear system. Unexpectedly, a similar synthesis where crystallisation was conducted 
by slow evaporation in air, was found to fix atmospheric CO2 as CO32-. The resulting 
architecture, 4 ([Zn9(H2L)6(CO3)2](ClO4)2), was also uniquely nonanuclear involving six 
doubly deprotonated ligands and two coordinated CO32- ions.  
The bulk samples of complexes 1-4 were also well characterised by powder X-ray 
diffraction (PXRD), FT-IR and TGA. To compare the bulk samples of 1-4 to their 
respective single crystal data, PXRD measurements were undertaken and then Le Bail 
fittings were performed on the raw data using the corresponding single crystal structures. 
Despite the presence of preferred orientation on the measured PXRD data, the fits were still 
in good agreement to the single crystal data, which confirms that the dominant crystalline 
phase in the bulk samples is the same as their respective single crystal structures (Figures 
4.S6-9). Complexes 1-4 were also measured by FT-IR, and a peak at 1467 cm-1 
corresponding to CO32- was observed for complex 4, again this is in good agreement with 
the crystal structure of 4 (Figure 4.S10). The TGA measurements of complexes 1-4 (Figure 
4.S11) all exhibit an initially mass loss event from 50-150 ˚C which corresponds to solvent 
evaporation. Complexes, 1 and 2, both show the presence of two methanol molecules in 
their crystal structures which corresponds to 8.90% and 5.89% of their total mass, 
respectively. In comparison, the crystal structures of complexes 3 and 4 show the presence 
of 2 H2O, and 6 MeOH molecules, which amounts to 1.50% and 6.71% of the total 
molecular weight, respectively. The solvent mass loss observed from TGA measurements 
were 2.52%, 0.76%, 0.64% and 2.01% for complexes 1-4, respectively. The solvent loss 
measured by TGA is less than that observed in the crystal structures, which is likely a result 
after air drying of the samples prior to TGA analysis. Upon heating to higher temperatures, 
complexes 1-4 also exhibit great thermal stability. Decomposition of complexes 1 and 2 
starts from ~ 250 and 190 ˚C, respectively, complex 3 has an abrupt decomposition from ~ 
275 ˚C, and 4 has a gradual decomposition from ~ 260 ˚C. 
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4.3.2. Structural description and discussion  
Despite the similar methods of preparation, complexes 1-4 demonstrated various 
architectures dependent upon both anion identity and experimental conditions. Figure 4.2 
displays the structures of 1-4 obtained by single crystal X-ray diffraction, and key 
crystallographic parameters are presented in Table 4.1.  
 
Figure 4.2 Crystal structures for complexes 1-4. For clarity, H-atoms, non-coordinating anions, and 
solvent molecules have been removed, and individual H4L ligands are colourised. Metal centres 
shown in yellow are Zn2+ in a trigonal bipyramidal geometry, while Zn2+ ions in octahedral 
geometry are shown in purple. 
The simplest of the structures, 1, crystallises in the tetragonal space group P41212, 
demonstrating a Zn(H3L)2 mononuclear architecture. The unsymmetrical Zn(H3L)2 
coordination motif in complex 1 results in chirality at the metal centre. The complex 
crystallises in a chiral space group with each crystal chirally resolved although the bulk 
remains racemic. The single Zn2+ metal centre exhibits a distorted octahedral environment, 
with an octahedral distortion parameter value (∑) of 71.58⁰. The ligands are arranged in a 
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perpendicular manner, with a C6(+Y, +X, 1-Z)-C7(+Y, +X, 1-Z)-C7-C8 torsion angle of 
90.08(9)⁰. The two imine donors occupy the axial positions of the coordination sphere, 
while the four equatorial positions are occupied by the two phenolate and two hydroxyl 
donors in a cis arrangement.  
Alternatively, in the crystal structure obtained for 2, when Zn(CH3COO)2 was utilised in 
the synthetic procedure, four acetate anions are incorporated to form a 
[Zn3(H3L)2(CH3COO)4] architype which crystallised in the monoclinic space group P21/c. 
Three Zn2+ metal centres are bridged in a linear manner, with one central octahedral and 
two external trigonal bipyramidal metal centres separated by 3.058(9) Å. The two H3L- 
ligands (for which the phenol is deprotonated) are present in an inverted coplanar 
arrangement, each coordinating to two Zn2+ ions at opposite ends of the complex through 
a hydroxyl, imine and phenolate donor respectively. The four CH3COO- anions are present 
bridging Zn2+ centres in a mirrored fashion across the central Zn01, with two CH3COO- 
anions bridging through both oxygens, and two bridging with a single oxygen coordinated 
to two neighbouring metal centres. In regards to their arrangement around the central 
octahedral Zn01, the acetate anions coordinating through a single oxygen are trans to one 
another in an inverted coplanar arrangement, as are the anions coordinating through two 
oxygen atoms. The tendency for the acetate anions to participate in bridging of adjacent 
metal centres permits a 3:2 Zn:L ratio, rather than a 1:2 ratio as seen for 1 above, providing 
additional structural complexity.  
Furthermore, when the Zn(ClO4)2 salt was employed, the chemical architecture of the 
crystallised product was dependent on the crystallisation procedure employed. Firstly, upon 
the vapour diffusion of diethyl ether into a methanolic solution of 3, a 
[Zn6(H2L)4(H3L)2](ClO4)2 architecture results. The 6:6 Zn:L ratio is aided by an alcohol 
group on four ligands being deprotonated and coordinating to three separate Zn2+ centres. 
In such a manner, the hexanuclear structure is assembled by four triply bridging alkoxides, 
four singly coordinated hydroxyl and imine groups, as well as two singly bridging phenolic 
groups and four phenolic groups bridging two Zn2+ centres. The Zn2+ centres are arranged 
in a diagonally undulating fashion, with two of the inner centres occupying a trigonal 
bipyramidal coordination geometry, while on the other hand, the remaining four centres 
possess a distorted octahedral coordination sphere. In such a way, the three Zn2+ ions of the 
asymmetric unit are separated by 3.074(11) Å (Zn01…Zn03), 3.128(9) Å (Zn01…Zn02) and 
3.115(13) Å (Zn02…Zn03). Intramolecular hydrogen-bonding between O1A-H…O4B 
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(O…O, 2.62(3) Å) results in severe distortion between the trigonal bipyramidal (Zn01, ∑ = 
101.94°) and octahedral Zn2+ (Zn02, ∑ = 144.59°) coordination spheres (Figure 4.3). This 
structure highlights not only the conformational flexibility of L, but also the ability of its 
phenolate and hydroxyl donor moieties to participate in coordination between varying 
numbers of metal centres. This creates an extremely versatile and flexible coordination 
environment, which has the potential to form architypes that would be extremely difficult 
to predict, such as that presently described. 
 
Figure 4.3 Schematic representation of the crystal structure of 3, with the four deprotonated alcohol 
oxygens shown as ellipsoids, demonstrating the manner with these oxygens bridge three adjacent 
Zn2+ ions. Green cut lines show intramolecular hydrogen bonding at the two inner distorted 
octahedral metal centres. 
On the other hand, slow evaporation from a methanolic solution of Zn(ClO4)2 and H4L 
yielded crystals that were observed to be of trigonal symmetry (4), crystallising in the space 
group P-3c1. Two CO32- anions and six molecules of H2L2-, deprotonated at the phenolic 
and one of the three hydroxyl oxygens, combine to bridge nine Zn2+ centres to form a 
nonanuclear [Zn9(H2L)6(CO3)2](ClO4)2 architecture with a P-3 improper rotation axis. The 
CO32- anions are situated on the P-3 axis, each coordinating six Zn2+ ions, two through each 
oxygen. The Zn2+ centres are arranged in three planes perpendicular to the P-3 rotation axis, 
with three cations in each plane (Figure 4.4). The top and bottom planes contain three Zn2+ 
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ions in a trigonal bipyramidal coordination environment, the ions in each respective plane 
separated by 120° and 5.130(9) Å, the metal centres of the two planes lying directly above 
one another separated by 3.255(14) Å. The three Zn2+ octahedral ions of the middle plane 
are offset by 61.66(2)° (Zn01-C16-Zn02) from the top plane when viewed down the P-3 
axis. In this manner, a plane of three octahedral metal centres is sandwiched in an 
approximately 60° offset manner between two planes of three metal centres of a trigonal 
bipyramidal geometry, the central metal centres separated from the adjacent top and bottom 
planes by 3.475(6) and 3.169(5) Å respectively (Figure 4.4).  
 
Figure 4.4 Schematic representation of the crystal structure of 4. a) Demonstrates the arrangement 
of Zn2+ ions in three planes, with the plane of purple octahedral ions sandwiched between two planes 
of three trigonal bipyramidal ions. b) Shows the manner in which the middle plane of octahedral 
ions is offset by approximately 60° around the central CO32- molecules (lying on a P-3 improper 
axis of rotation) to the top and bottom planes. 
It is interesting that the choice of crystallisation method, an ether diffusion as opposed to a 
slow evaporation, causes such a severe structural discrepancy, a 6:6 (1:1) Zn2+:L ratio as 
opposed to a 9:6 (3:2) ratio. The inclusion of atmospheric CO2 as CO32- provides 
coordinating anions necessary to drive the more complex bridged nonanuclear architecture, 
which again would unlikely have been predicted. In this way, the structural diversity of this 
series of Zn2+ compounds stems from the ability of the hydroxyl and phenolic groups to 
coordinate variable numbers of metal centres, the ability of anions to participate in bridging 
Chapter Four: Anion tuning of Zn2+ architectures using a tris-base salicylic ligand 
103 
of metal centres, the ability of Zn2+ to occupy both a octahedral and trigonal bipyramidal 
coordination environment, as well as the presence of atmospheric components (CO32-) 
taking part in the bridging of metal centres.  
Table 4.1 Crystal data for architectures 1-4. 
 1 2 3 4 
Empirical formula  C32H54N4O10Zn  C40H66N4O18Zn3  C90H138Cl2N12O38Zn6  C102.5H177Cl2N12O50Zn9  
Formula weight  720.16  1087.07  2459.24  3036.72  
Temperature/K  100.0  100.0  100.0  100.0  
Crystal system  tetragonal  monoclinic  monoclinic  trigonal  
Space group  P41212  P21/c  C2/c  P-3c1  
a/Å  8.2465(12)  13.576(3)  31.938(6)  15.571(2)  
b/Å  8.2465(12)  8.0080(16)  15.627(3)  15.571(2)  
c/Å  51.125(10)  21.764(4)  26.217(5)  31.845(6)  
α/°  90  90  90  90  
β/°  90  103.21(3)  119.24(3)  90  
γ/°  90  90  90  120  
Volume/Å3  3476.7(12)  2303.5(8)  11417(5)  6687(2)  
Z  4  2  4  2  
ρcalcg/cm3  1.376  1.567  1.431  1.508  
μ/mm-1  0.767  1.627  1.370  1.712  
F(000)  1536.0  1136.0  5120.0  3160.0  
Radiation  Synchrotron (λ = 0.7108)  
Synchrotron (λ = 
0.7108)  
Synchrotron (λ = 
0.7108)  
Synchrotron (λ = 
0.7108)  
2θ range for data 
collection/°  5.004 to 57.39  3.082 to 54.204  3.56 to 64.458  3.958 to 56.546  
Index ranges  -10 ≤ h ≤ 10, -11 ≤ k ≤ 11, -68 ≤ l ≤ 68  
-17 ≤ h ≤ 17, -10 ≤ k 
≤ 10, -27 ≤ l ≤ 27  
-42 ≤ h ≤ 42, -22 ≤ k ≤ 
22, -37 ≤ l ≤ 37  
-20 ≤ h ≤ 20, -20 ≤ k 
≤ 20, -42 ≤ l ≤ 42  
Reflections collected  58080  34008  86336  96084  
Independent 
reflections  
4475 [Rint = 0.0568, 
Rsigma = 0.0191]  
5090 [Rint = 0.0500, 
Rsigma = 0.0272]  
13824 [Rint = 0.0498, 
Rsigma = 0.0353]  
5515 [Rint = 0.0502, 
Rsigma = 0.0185]  
Data/restraints/param
eters  4475/3/229  5090/26/364 13824/40/664  5515/186/406  
Goodness-of-fit on F2 1.076  1.024  1.059 1.057  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0203, wR2 = 
0.0518  
R1 = 0.0387, wR2 = 
0.0964  
R1 = 0.0508, wR2 = 
0.1592  
R1 = 0.0393, wR2 = 
0.1206  
Final R indexes [all 
data]  
R1 = 0.0203, wR2 = 
0.0518 
R1 = 0.0488, wR2 = 
0.1026  
R1 = 0.0551, wR2 = 
0.1640  
R1 = 0.0397, wR2 = 
0.1210  
Largest diff. 
peak/hole / e Å-3  0.24/-0.30 069/-0.83  1.01/-0.72  0.86/-0.68  
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4.3.3. Photoluminescence  
The solid-state photophysical properties for both the free ligand and the corresponding 
complexes 1-4 were investigated and presented in Figure 4.5. The free ligand H4L 
excitation spectrum, Figure 4.5a, has a broad transition at 376 nm with a significant 
shoulder at 403 nm. Upon excitation in this UV region, a single fluorescent transition at 
λmax 449 nm was observed with the emission profile also presented in Figure 4.5a. This 
emission is assigned to the 1π-π* ligand excited state and is consistent with previously-
reported solid-state emission for similar organic systems.22,42 
Similarly to the free ligand, the solid state photophysical properties of complexes 1-4 were 
also explored. Complex 1 had a significant blue shift in the excited state transitions, with 
an excitation profile λmax 372 nm, with a corresponding higher energy emission profile (λmax 
410 nm). Complex 2, whilst the excitation profile similar to that of 1 (λmax ~371 nm), the 
emission profile was slightly red shifted (~417 nm) with a significant broad shoulder at 
~500 nm. Complex 3 and 4 excitation profiles are relatively similar (390 and 397nm 
respectively) with both exhibiting an additional higher energy shoulder, 390 and 397 nm 
respectively compared to complexes 1 and 2. The emission spectra for 3 and 4 display 
similar profiles, however, 4 is redshifted ~20 nm. 
The variances in the solid-state photophysical properties of complexes 1-4 are a result of 
the nature of the origin of the emission. The observed luminescence for the complexes 
originates from the ligand centre fluorescent transitions, as the d10 Zn2+ metal centre is 
incapable of populating emissive ligand-to-metal charge transfer (LMCT) or metal-to-
ligand charge transfer (MLCT) states. Therefore, the observed differences in the emission 
profiles between the complexes as well as compared to H4L, arise due to a combination of 
both Chelation Enhanced Fluorescence (CHEF) as well as the various protonation states 
and the nature of the coordination of the ligand to metal for the ligand and the individual 
complexes.43 
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Figure 4.5 Normalised solid-state fluorescence measurements on H4L and its respective Zn2+ 
complexes, a) H4L (λex = 350 nm), b) 1 (λex = 320 nm), c) 2 (λex = 340 nm), d) 3 (λex = 350 nm), e) 
4 (λex = 350 nm) and f) comparison of emission profiles of H4L and complexes 1-4. 
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4.4. Experimental 
4.4.1. Materials and physical measurements 
All chemicals were of analytical grade and purchased from commercial suppliers, then used 
without further purification. Several characterisation techniques were used for H4L and/or 
its resulting Zn2+ complexes, these include; 1H and 13C NMR which were recorded on a 
Bruker DRX-300 NMR spectrometer. Electrospray ionization high resolution mass 
spectroscopy (ESI-HRMS) by a Waters Xevo QToF quadrupole mass spectrometer in 
positive ion mode, with H4L dissolved in MeOH. Elemental analyses (CHN) were 
performed using a Thermo Scientific Flash 2000 Organic Elemental Analyser at the 
MicroAnalytical unit, School of Chemistry and Molecular Biosciences (UQ). FT-IR via a 
Bruker Vertex 70 spectrometer using a diamond ATR stage. Thermogravametric analysis 
(TGA) was measured on a Netzsch STA449 Jupiter thermo-microbalance under an argon 
atmosphere, with a heating rate of 10 K per/min. Solid state excitation and emission and 
spectra were measured using a Horiba JY FluoroLog-311 spectrofluorimeter and the 
FluorEssence (Version 3.1.5.11) software package. A 450W Xe arc excitation lamp was 
used with a R193456 visible PMT detector. The solid state microcrystalline samples were 
prepared between two quartz plates, positioned 20 degrees from perpendicular to the 
excitation source. All excitation measurements were conducted with excitation and 
emission slit widths of 1 nm and 2 nm respectively. The emission measurements were 
conducted with excitation and emission slit widths of 2 nm and 5 nm respectively.  
4.4.2. Synthesis of H4L 
The synthesis of ligand H4L was conducted via a Schiff base condensation in a CEM 
Discover SP microwave synthesiser. To a 50 mL microwave vial, 4-
(diethylamino)salicylaldehyde (1.612 g, 8.34 mmol), tris base (0.942 g, 7.78 mmol) and a 
catalytic amount of p-toluenesulfonic acid (PTSA) were added and dissolved in 25 mL of 
ethanol. This mixture was then microwaved at 120 °C for 90 minutes, after which it was 
filtered then slowly evaporated until a precipitate formed. Following this, the precipitate 
was collected, ground, then dispersed into a round bottom flask in 50 mL of acetone, where 
the mixture was heated to 50 °C and stirred for 60 minutes to remove unreacted reagent. 
After this, a precipitate was collected via filtration yielding 1.795 g (77.9 %) of H4L as an 
off-white powder. 1H NMR (DMSO-d6 with TMS, 300 MHz) δ (ppm) 8.07 (s. 1H), 6.97 
(d. 1H), 6.05 (d. 1H), 5.66 (s. 1H), 4.85 (s. 3H), 3.56 (s. 6H), 3.32 (q. 4H), 1.08 (t. 6H). 13C 
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NMR (DMSO-d6 with TMS, 75.5 MHz) δ (ppm) 172.14, 160.18, 151.98, 134.19, 107.97, 
102.06, 98.45, 64.47, 61.19, 43.65, 12.62. ESI-HRMS (positive-ion detection, MeOH, m/z): 
calculated for [H4L+H]+, 297.1814; found 297.1859. FT-IR (ATR νmax/cm-1): 3395, 3143, 
2965. 2631, 1596, 1501, 1472, 1343, 1226, 1134, 1073, 1057, 1043, 775. Elemental 
analysis (%) (calcd, found for C15H24N2O4 + 0.25 H2O): C (59.88, 59.87) H (8.21, 8.28) N 
(9.31, 9.40). 
4.4.3. Synthesis of Zn complexes 
Caution! Perchlorates salts are potentially explosive, they should only be used in small 
amounts and handled with great care.  
H4L (300 mg, 1.01 mmol) was dissolved in 20 mL of methanol, after which the required 
Zn2+ salt (ZnCl2, Zn(CH3COO)2 or Zn(ClO4)2, at 1.01 mmol) in slight excess was dissolved 
in a small volume of methanol, and added to H4L dropwise. For all but the Zn(CH3COO)2 
synthesis, deprotonation was undertaken using triethylamine (113 mg, 1.11 mmol). The 
resulting mixtures were heated to 60 ˚C for 2 hrs, cooled then filtered. For complexes with 
ZnCl2 (1), Zn(CH3COO)2 (2) and Zn(ClO4)2 (4) the filtrate was concentrated via slow 
evaporation until a precipitate was formed. Complex 3 was treated the same as complex 4 
however, crystallisation was undertaken by a diffusion of diethyl ether into the methanolic 
solution of 3. Single crystals were collected from all samples, with the remaining product 
filtered, washed with acetone and collected. After conducting a replicate synthesis of 3, it 
was found that diffusions conducted in small vials (20 mL, note: minimal air volume ~2 
mL) gave only 3, while a bulk sample diffusion in a larger vial (250 mL, note: significant 
air volume ~100 mL) gave predominantly complex 3, and a minor amount of 4. A likely 
explanation for this is that the larger vial had more volume of air, which in turn contained 
more atmospheric CO2. After crystallisation, all samples were collected by filtration and 
air dried, with the following yields found: 
1: Yield of 39.8 % based on H4L content. FT-IR (ATR νmax/cm-1): 3304, 2970, 2870, 1585, 
1508, 1397, 1345, 1244, 1220, 1133, 1042. Single crystals of 1 [Zn(H3L)2] were grown 
from a slow evaporation of methanolic mixture. Bulk sample PXRD is in good agreement 
with SCXRD.  
2: Yield of 37.8 % based on Zn(CH3COO)2 content. FT-IR (ATR νmax/cm-1): 3337, 3250, 
2970, 1599, 1569, 1516, 1398, 1343, 1040. Single crystals of 2 [Zn3(H3L)2(CH3COO)4] 
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were grown from slow evaporation of methanolic mixture. Bulk sample PXRD is in good 
agreement with SCXRD. 
3: Yield of 37.8 % based on H4L content. FT-IR (ATR νmax/cm-1): 3446, 2971, 1590, 1514, 
1400, 1352, 1245, 1051. Single crystals of 3 ([Zn6(H2L)4(H3L)2](ClO4)2) were grown from 
diethyl ether diffusion of methanolic mixture. Bulk sample PXRD is in good agreement 
with SCXRD. 
4: Yield of 24.7% based on Zn(ClO4)2 content. FT-IR (ATR νmax/cm-1): 3403, 2971, 2871, 
1583, 1506, 1467, 1394, 1350, 1246, 1012. Single crystals of 4 ([Zn9(H2L)6(CO3)2](ClO4)2) 
were grown from slow evaporation of methanolic mixture. Bulk sample PXRD is in good 
agreement with SCXRD. 
4.4.4. X-ray diffraction 
4.4.4.1. Single crystal XRD 
Complexes 1, 3, and 4 were collected on the MX244 beamline at the Australian Synchrotron, 
while, complex 2 was measured on the MX145 beamline also at the Australian Synchrotron. 
All collections were conducted at 100(2) K using double-crystal silicon (111) 
monochromated synchrotron radiation.46 For all structures, data integration and reduction 
were carried out using XDS software,47 The crystal structures were solved by intrinsic 
phasing (SHELXT) and full-matrix least-square (SHELXL) refinements were carried out 
using the SHELX48,49 suite of programs via the Olex2 graphical interface.50 The 
crystallographic data in CIF format has been deposited at the Cambridge Crystallographic 
Data Centre with CCDC 1894833-1894836. It is available free of charge from the 
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1 EZ, UK; fax: 
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Specific refinement details and 
crystallographic data for each structure are present above and in the supporting information. 
4.4.4.2. Powder XRD 
PXRD data were collected on a Bruker D8 Advance X-ray diffractometer with Cu K-α 
radiation, in the range of 5 to 55° 2θ, with a step size of 0.01° (2θ) and an acquisition time 
of 1.5 s per step. Samples were lightly ground and dry mounted onto an amorphous silicon 
XRD slide. To compare the bulk synthesis to the single crystal structures, PXRD 
measurements were undertaken for each complex and fitted against theoretical PXRD 
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calculated from its respective single crystal structure. These fittings were undertaken 
through Le Bail whole powder pattern decomposition method.51 These fits demonstrate that 
the PXRD measurements conducted on the bulk samples are in good agreement with 
proposed structure obtained from single crystal measurements. 
 
4.5. Conclusion 
In summary four new Zn2+ complexes with a hydroxyl-rich ligand, H4L, have been 
synthesised and characterised. It was found that the resulting crystal structures varied 
depending on the zinc metal salt used (Cl-, CH3COO- and ClO4-) or the presence of 
atmospheric CO2 during the crystallisation process. The simplest structure observed was 
that of 1 [Zn(H3L)2], where a mononuclear zinc centre in octahedral geometry was 
coordinated to two deprotonated H3L ligands. The architecture obtained from 2 
[Zn3(H3L)2(CH3COO)4] was trinuclear with two Zn2+ ions in a trigonal bipyramidal 
geometry, bridged by four acetate ions to a third central Zn2+ ion in octahedral geometry. 
Complex 3, formed a hexanuclear architecture of [Zn6(H2L)4(H3L)2](ClO4)2, with two Zn2+ 
ions as trigonal bipyramidal centres, and the remaining four present in a distorted 
octahedral environment. Interestingly architecture 4 was observed to fix atmospheric CO2 
as CO32-, which was incorporated into its nonanuclear structure [Zn9(H2L)6(CO3)2](ClO4)2 
consisting of six Zn2+ in a trigonal bipyramidal geometry, and the remaining three as 
octahedral. As a result, the structural diversity of this series of Zn2+ compounds stems from 
the ability of the hydroxyl and phenolic groups to coordinate various numbers of metal 
centres, the anions to participating in bridging of metal centres, the Zn2+ cations occupying 
both octahedral and trigonal bipyramidal coordination environments, as well as 
atmospheric components (CO32-) taking part in the bridging of metal centres. The 
fluorescent properties of H4L and complexes 1-4 all exhibit minor fluorescence with slight 
variations in emission peak shifts. The weak fluorescence observed is likely due to the 
absence of groups with strong fluorescent properties. Hence, there is a niche future work 
may fill by incorporating groups with stronger fluorescence into a flexible ligand similar to 
H4L. 
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4.7. Supporting information 
 
Figure 4.S1 1H NMR H4L. 
 
 
Figure 4.S2 13C NMR of H4L.  
Chapter Four: Anion tuning of Zn2+ architectures using a tris-base salicylic ligand 
114 
 
Figure 4.S3 ESI-HRMS (positive-ion detection, MeOH, m/z): calculated for [H4L+H]+, 297.1814; 
found 297.1859. Insert, theoretical isotope model (top) and measured isotope distribution (bottom). 
 
 
 
Figure 4.S4 FT-IR of H4L. 
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Figure 4.S5 TGA spectrum of H4L under argon gas measured from 50-590 ˚C at 10 ˚C per/min. 
Solid line (TG) is the samples thermogravimetric mass loss, while DTG is the first derivative of 
TG.  
 
Figure 4.S6 LeBail fit of complex 1. The top portion in the figure displays overlap of PXRD 
experimental pattern of the complex (in red) and the calculated pattern from the crystal structure 
(in blue). The plot below is the difference between the two patterns. 
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Figure 4.S7 LeBail fit of complex 2. The top portion in the figure displays overlap of PXRD 
experimental pattern of the complex (in red) and the calculated pattern from the crystal structure 
(in blue). The plot below is the difference between the two patterns. 
 
Figure 4.S8 LeBail fit of complex 3. The top portion in the figure displays overlap of PXRD 
experimental pattern of the complex (in red) and the calculated pattern from the crystal structure 
(in blue). The plot below is the difference between the two patterns. 
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Figure 4.S9 LeBail fit of complex 4. The top portion in the figure displays overlap of PXRD 
experimental pattern of the complex (in red) and the calculated pattern from the crystal structure 
(in blue). The plot below is the difference between the two patterns. 
 
Figure 4.S10 FT-IR of Zn2+ complexes with H4L. The presence of CO3 in the architecture of 4 is 
supported by a peak at 1467 cm-1. 
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Figure 4.S11 TGA spectra of Zn2+ complexes under argon gas measured from 50-590 ˚C at 10 ˚C 
per/min. The first mass loss evet calculated is from 50-150 ˚C and accounts for solvent loss, while 
the second is calculated from 50-590 ˚C. 
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Crystallographic information  
Complex 1 
 
Figure 4.S12 Asymmetric unit of 1 with thermal ellipsoids drawn at 50% probability. Hydrogen 
atoms, solvent molecules and anions omitted for clarity. 
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Complex 2 
 
Figure 4.S13 Asymmetric unit of 2 with thermal ellipsoids drawn at 50% probability. Hydrogen 
atoms, solvent molecules and anions omitted for clarity. 
Specific details 
One of the ethyl groups is disordered over two positions and modelled with occupancies of 0.75 
and 0.25 respectively. There is also a disordered methanol solvent molecule present in the lattice, 
which is modelled over three positions. A number of the solvent methyl hydrogens give rise to close 
contacts with ligand hydrogen atoms. Attempts to model the solvent with the O/C positions 
swapped did not give satisfactory results.  
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Complex 3 
 
Figure 4.S14 Asymmetric unit of 3 with thermal ellipsoids drawn at 50% probability. Hydrogen 
atoms, solvent molecules and anions omitted for clarity. 
Specific details 
One of the ethyl groups and two of the methoxy groups are disordered over two positions. In 
addition the perchlorate anions are significantly disordered and instead of modelling them, this 
region of the structure was treated with the solvent masking routine of OLEX2. A number of 
restraints and constraints were required to facilitate realistic modelling. 
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Complex 4 
 
Figure 4.S15 Asymmetric unit of 4 with thermal ellipsoids drawn at 50% probability. Hydrogen 
atoms, solvent molecules and anions omitted for clarity. 
Specific details 
The ligand is disordered over two positions (occupancy 0.75 and 0.25, respectively). In addition 
one solvent position is a mixture of methanol (0.75) and water (0.25). A number of restraints and 
constraints were required to facilitate realistic modelling. 
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CHAPTER FIVE: ULTRA-SENSITIVE COLOURIMETRIC AND 
RATIOMETRIC DETECTION OF CU2+: ACID-BASE PROPERTIES, 
COMPLEXATION AND BINDING STUDIES 
The ligand presented in this work is introduced as HLIII in chapter 1, however this chapter 
will follow the naming convention HL as presented in the published work. 
The work presented in this chapter has been accepted for publication in a peer-reviewed 
journal. This work in manuscript format may be found online using the following reference: 
Daniel J. Fanna, Luís M. P. Lima, Alexander R. Craze, Adrian Trinchi, Richard Wuhrer, 
Leonard F. Lindoy, Gang Wei, Jason K. Reynolds, and Feng Li, ACS Omega, 2018, 3 (9), 
10471-10480. 
 
Graphical abstract:  
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5.1. Abstract 
Herein, we report the synthesis and characterisation of a chemosensor, 5-(diethylamino)-2-
(2,3-dihydro-1H-perimidin-2-yl)phenol (HL), synthesised from a condensation between 4-
(diethylamino)salicylaldehyde and 1,8-diaminonaphthalene. Upon investigation of the 
sensing properties of HL, it was found that this sensor may be employed for simple yet 
efficient detection of Cu2+ in aqueous methanol solutions. The selective and ratiometric 
response to Cu2+ yielded an outstandingly low limit of detection of 3.7 nM by 
spectrophotometry and is also useful as a naked-eye sensor from 2.5 μM. The probe was 
studied by spectrophotometric pH titrations to determine Cu2+ binding constants and 
complex speciation. Binding of Cu2+ to HL occurs in 1:1 stoichiometry, in good agreement 
with high-resolution electrospray ionisation mass spectrometry (ESI-HRMS) results, Cu2+ 
titrations and Job’s plot experiments, while the coordination geometry was tentatively 
assigned as square pyramidal by spectroscopic studies. 
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5.2. Introduction 
The design and synthesis of new chemosensors for the detection of trace metals, anions and 
small molecules continue to be strongly pursued due to their potential for use in medical, 
biological, industrial and environmental applications.1–16 Currently, the detection of 
biologically-active metals such as Fe2+/3+,17, 18 Cd2+,19, 20 Hg2+ 21, 22 and Cu2+ 23–26 is receiving 
considerable attention due to their possible adverse effects on human health.27 Of these 
metals, copper is the third most abundant transition metal found in humans and plays an 
essential role in several cuproenzymes.28 However, free copper is also able to oxidise 
cellular components through its redox activity, damaging nucleic acids, proteins and 
lipids.29 Hence, an imbalance of copper may be detrimental to human health, associated 
with pathogenesis such as Parkinson’s disease, Alzheimer’s disease, Wilson’s disease, 
Menkes disease and Amyotrophic Lateral Sclerosis (ALS).30–32 In particular, copper is a 
common pollutant due to its widespread usage in industry, agriculture and drinking water 
systems. The World Health Organization (WHO) has advised that 2 ppm (31.5 μM) is the 
recommended upper level for copper in drinking water.33 Although a considerable number 
of chemosensor systems have been developed for Cu2+ ions (Table 5.1), the design and 
successful construction of ultra-sensitive and highly-selective systems, particular those 
with naked-eye detection ability, still represents a significant challenge. 
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Table 5.1 Literature examples of Cu2+ colourimetric and fluorescent sensors including from the 
current work, ordered by increasing sensitivity as given by the reported limit of detection (LoD). 
Detection method Media LoD (nM) Reference 
UV-Vis DMF/bis-tris buffer (7:3, v/v, 10 mM bis-tris, pH 7.0) 3890 34 
UV-Vis Bis-tris buffer/H2O 999:1, v/v 2700 35 
UV-Vis DMF/bis-tris buffer (1:1, v/v, pH 7.0) 880 36 
UV-Vis Tris-HCl buffer/EtOH 1:1, v/v, 10 mM tris-HCl, pH 7.0 500 37 
UV-Vis DMSO/Bis-tris buffer (1:1, v/v) 360 38 
UV-Vis DMSO/Bis-tris buffer (3:2, v/v, 10 mM bis-tris, pH 7.0) 200 39 
Fluorescence MeOH/H2O (2:8, v/v) 314 & 184 40 
UV-Vis MeOH/HEPES buffer (1:1, v/v, pH 7.4) 140 41 
Fluorescence HEPES buffer/CH3CN (3:2, v/v, 100 mM HEPES, pH 7.2) 110 42 
UV-Vis DMSO/HEPES buffer (9:1, v/v, pH 7.0) 100 43 
UV-Vis CH3CN 61.9 44 
Fluorescence EtOH/HEPES buffer (8:2, v/v, 20 mM HEPES, pH 7.2) 40 45 
Fluorescence CH3CN/tris-HCl (1:1, v/v, 10 mM tris-HCl, pH 7) 40 46 
UV-Vis CH3CN/H2O (varying ratio) 40 47 
Fluorescence DMF/HEPES buffer (3:7, v/v, 20 mM HEPES, pH 7.4) 15 48 
Fluorescence Tris buffer (25 mM, pH 7.4) 11.2 49 
UV-Vis CH3CN 7.8 & 5.7 50 
UV-Vis CH3CN/Tris buffer (1:1, v/v, 10 mM Tris, pH = 7.0) 5.2, 4.9 & 4.5 51 
Fluorescence CH3CN/MeOH/H2O (1:9:10, v/v/v) 4 & 3 52 
UV-Vis MeOH/HEPES buffer (1:1, v/v, 20 mM HEPES, pH 7.00) 3.7 This work 
UV-Vis/Fluorescence CH3CN 2.3 53 
UV-Vis/Fluorescence CH3CN 1.9, 1.8 & 1.7 54 
Fluorescence H2O/CH3CN (2:1, v/v) 1.45 55 
Fluorescence HEPES buffer (20 mM, pH 7.0) 1.1 56 
Fluorescence Britton–Robinson buffer/CH3CN (9:1, v/v, pH = 7.02) 0.739 57 
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Herein, we report a potential chemosensor, HL (Figure 5.1), capable of extremely fast 
colourimetric and ratiometric detection of Cu2+ with an impressively low detection limit of 
3.7 nM. Detection of copper at low µM levels is also possible in the absence of a 
spectrophotometer, as the visible response of HL to Cu2+ is significant. Spectrophotometry 
acid-base studies were carried out in addition to several UV-Vis based metal detection 
assays, ESI-HRMS and electron paramagnetic resonance (EPR) studies to probe the nature 
of the binding of HL to Cu2+ regarding its sensing ability for this metal ion. 
 
Figure 5.1 Synthesis of HL. 
  
5.3. Results and discussion 
5.3.1. Synthesis and structure of HL 
HL was synthesised from the condensation of 4-(diethylamino)salicylaldehyde and 1,8-
diaminonaphthalene in isopropanol in the presence of a catalytic amount of p-
toluenesulfonic acid, as shown in Figure 5.1. It was then characterised via 1H and 13C NMR, 
ESI-HRMS, FT-IR and STA (Simultaneous Thermal Analysis) techniques (Figure 5.S1-
S5). Single crystal X-ray diffraction (SC-XRD) studies demonstrate that HL crystallises in 
the orthorhombic, Pbcn space group, with cell dimensions of a = 25.524(5) Å, b = 13.835(3) 
Å, c = 9.914(2) Å, α, β, γ, = 90 °. A typical bifurcated hydrogen bond is also observed 
between the hydroxyl proton (O1H) and the dihydroperimidine nitrogen atoms (N1 and 
N2). These hydrogen bonds appear to result in the dihydroperimidine nitrogen atoms being 
positioned slightly above the plane of the naphthalene ring and twist the plane of the salicyl 
moiety so that the naphthalene and salicyl ring systems are almost perpendicular (Figure 
5.2). Both edge-to-face and face-to-face π-contacts are present in the lattice between the 
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naphthalene moieties (Figure 5.S6). Crystallographic data is summarised in Table 5.S1, and 
detailed crystallographic information can also be found in the supporting information.  
 
Figure 5.2 Thermal ellipsoids structure of HL drawn at 50% probability. Bifurcated hydrogen H-
bonding represented by dotted lines. a) Side view, b) Top view. 
5.3.2. Screening of metal cations 
The interaction with common metal cations was investigated using 20 µM solutions of HL 
in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) mixture by addition of two 
equivalents (40 µM) of the cations. The mixture of MeOH/H2O (1:1, v/v; HEPES 20 mM; 
pH = 7.00) was selected as organic solvent is required to ensure HL remains fully dissolved, 
and the presence of HEPES allows for a constant pH. The use of MeOH was favoured as it 
is miscible with water, transparent in UV-Vis spectrophotometry (200-800 nm), easy to 
acquire and is generally a low-cost solvent. In the presence of Cu2+, the absorbance 
spectrum develops a strong absorption immediately at 408 nm (ε = 3.815 x104 M-1 cm-1) 
associated with the generation of a yellow colour (Figure 5.3). Small peak changes were 
also observed for Hg2+ and Fe3+, but importantly no other cations gave rise to an intense 
band centred at 408 nm as observed for Cu2+. The sensing mechanism likely involves a 
dual ligand-to-metal charge transfer (LMCT) transition (an intense band at 408 nm) 
characteristic of a Cu2+ centre coordinated to a phenoxyl,58–60 and naphthalene amine 
based61, 62 ligand such as HL, which also incorporates an electron donor diethylamino 
group. 
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Figure 5.3 a) UV-Vis absorbance spectra of HL (20 µM) in a MeOH/H2O (1:1, v/v; HEPES 20 
mM; pH = 7.00) mixture in the presence of two equivalents (40 µM) of common metal ions. b) 
Colour changes observed by the naked-eye, colourimetric detection for Cu2+ (yellow), while 
solutions of HL and HL plus other cations are all colourless. 
5.3.3. Acid-base equilibrium studies 
To characterise the acid-base properties of HL and investigate its interaction with Cu2+, pH 
titrations monitored by UV-Vis spectrophotometry were performed for HL alone and in the 
presence of Cu2+. The main spectral features of HL varying with a change of pH are the 
composite band at 310–350 nm assigned to an intraligand π-π* charge transfer (CT) 
transition from phenol and phenolate,58 the shifting band at 260–280 nm assigned to an 
intraligand π - π* CT from naphthalene amine,61,62 and the increasing absorption band at 
230 nm (Figure 5.S7). The spectral variations were fitted to a speciation model containing 
three protonation equilibria (Figure 5.4), and the protonation equilibrium constants 
obtained are presented in Table 5.2. The highest protonation detected occurs around pH = 
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11 and is associated with moderate spectral change, being assigned to protonation of the 
phenoxyl group as found in similar functions.63 Around pH = 5.5 there is an intense spectral 
change likely associated with protonation of the tertiary amine attached to the phenoxyl 
group. Below pH = 3.5 there is a very small spectral change possibly arising from 
protonation of one of the secondary amines of the dihydroperimidine group. 
 
Figure 5.4 Speciation distribution curves of HL at 25 μM in MeOH/H2O 1:1. 
Table 5.2 Overall (log β) and stepwise (log K) thermodynamic equilibrium constantsa for the 
protonation of HL and its complexation with Cu2+, at 25.0 ± 0.1° C in MeOH/H2O (1:1, v/v) 
medium at 0.10 ± 0.01 M in KCl. 
In the presence of an equimolar amount of Cu2+, the UV-Vis spectrum of HL changes 
significantly on moving from acidic to basic pH with a new band developing centred at 
~408 nm (Figure 5.S8). The spectral variations were in this case successfully fitted to a 
speciation model containing three complex species corresponding to different protonation 
Equilibrium Log β Equilibrium Log K 
L- + H+ ⇄ HL 10.93(1) L- + H+ ⇄ HL 10.93(1) 
L- + 2H+ ⇄ (H2L)+ 16.50(1) HL + H+ ⇄ (H2L)+ 5.57(1) 
L- + 3H+ ⇄ (H3L)2+ 19.85(4) (H2L)+ + H+ ⇄ (H3L)2+ 3.35(4) 
Cu2+ + L- + H+ ⇄ [Cu(HL)]2+ 19.11(1) [CuL]+ + H+ ⇄ [Cu(HL)]2+ – 
Cu2+ + L- ⇄ [CuL]+ n.d. Cu2+ + L- ⇄ [CuL]+ – 
Cu2+ + L- ⇄ [CuLH−1] + H+ 10.52(1) CuL(OH) + H+ ⇄ [CuL]+ – 
Cu2+ + L- ⇄ [CuLH−2]- + 2 H+ 1.01(3) [CuL(OH)2]
- + H+ ⇄ 
[CuL(OH)] 9.51(3) 
a Values in parenthesis are standard deviations in the last significant figures. 
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states (Figure 5.5), and the complexation equilibrium constants obtained are presented in 
Table 5.2. It should be stressed that all complex species found are of 1:1 metal-to-ligand 
ratio. At lower pH, the complex exists mainly as the species [Cu(HL)]2+ while around and 
above neutral pH, there are two hydroxido species formed likely from deprotonation of 
water molecules coordinated to the metal centre. It is worth noticing that the [CuL]+ species 
was not obtained in the data fitting, suggesting that it may only exist in very low abundance 
in equilibrium, if at all. Thus, what is observed corresponds to a double deprotonation step 
of the complex from [Cu(HL)]2+ to [CuL(OH)] around pH = 4–5. The complexation 
constants obtained for this probe support high thermodynamic stability of the complex 
formed between HL and Cu2+, also resulting in the almost complete absence of free Cu2+ 
above pH = 5 (Figure 5.5) under the conditions employed. 
 
Figure 5.5 Species distribution diagram for HL in the presence of one equivalent of CuCl2 versus 
pH (at 25 μM in MeOH/H2O 1:1). 
5.3.4. Cu2+ detection performance 
The stoichiometry of the interaction between HL and Cu2+ was also probed in buffered pH 
by the continuous variation method (Job’s plot). The molar ratios between HL and Cu2+ in 
a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) medium were varied with the combined 
molarity fixed at 50 µM (Figure 5.S9). The intersect between the two fitted linear sections 
was determined at a molar fraction of 0.50, confirming the 1:1 stoichiometry of HL 
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interaction with Cu2+ observed above and also in agreement with the results from the ESI-
HRMS (Figure 5.S10) and Cu2+ titration experiments (see below). 
In order to determine the sensitivity of HL towards Cu2+, a metal titration experiment was 
conducted in buffered pH, in which 5 µL additions of CuCl2 in aqueous solution were added 
to a cuvette with 20 µM of HL dissolved in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 
7.00) mixture (Figure 5.6). Upon the addition of Cu2+ up to 20 µM, a directly proportionate 
increase in the band at 408 nm was observed. An isosbestic point was observed at 346 nm, 
occurring between the peak maxima for HL (~320 nm) and that for the complex (408 nm), 
indicating a formation via a single equilibrium step. Furthermore, after 20 µM had been 
added, no further spectrophotometric change was observed, indicating saturation of HL 
with one equivalent of Cu2+. This is in good agreement with the 1:1 stoichiometry found 
above. A linear relationship was observed on plotting the ratio between the complex peak 
maximum and the isosbestic point (408 nm / 346 nm) absorptions versus the effective Cu2+ 
concentration, indicating that this spectrophotometric change is ratiometric and thus can be 
used to estimate the concentration of Cu2+ independently of the HL concentration. The limit 
of detection (LoD) and limit of quantification (LoQ) were calculated from this ratiometric 
change at 408 / 346 nm, yielding outstanding values of 3.7 nM and 12.4 nM respectively. 
To the best of our knowledge, HL proves to be one of the most sensitive UV-Vis based 
chemosensors for Cu2+ detection and is comparable to some of the highest sensitivity 
fluorescence-based sensors so far reported (Table 5.1). 
To assess the naked-eye Cu2+ detection ability of HL we added increasing aliquots of Cu2+ 
to 20 μM samples of HL prepared in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) 
mixture and found that the presence of Cu2+ becomes visually detectable at as low as 1.5 
μM, and is clearly evident from 2.5 μM (Figure 5.7). 
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Figure 5.6 a) Absorption spectral change of HL (20 µM) upon titration with CuCl2 in a MeOH/H2O 
(1:1, v/v; HEPES 20 mM; pH = 7.00) mixture. The peak associated with the formation of the 
complex is at λmax = 408 nm. b) The linear plot used for LoD and LoQ calculations was obtained 
by plotting the absorbance ratio of the complex band over the isosbestic peak. 
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Figure 5.7 Detection of Cu2+ by the naked eye, at 20 µM of HL in MeOH/H2O (1:1, v/v; HEPES 
20 mM; pH = 7.00) with increasing concentrations of CuCl2. 
5.3.5. Cu2+ detection selectivity and reversibility 
The selectivity of HL for Cu2+ was also probed in the presence of competing cations; UV-
Vis experiments were conducted in which Cu2+ complexation was investigated in solutions 
containing an excess of a competing metal ion. This was carried out in a MeOH/H2O (1:1, 
v/v; HEPES 20 mM; pH = 7.00) medium, where HL was present at 20 µM, Cu2+ at one 
equivalent (20 µM) and a competing cation in a four equivalent (80 µM) excess (See UV-
Vis spectra Figure 5.S11). As shown in Figure 5.8a, the selectivity of HL for Cu2+ is 
unaffected by the presence of any of the competing cations employed. In each case, the 
solution colour observed by the naked-eye is in good agreement with the UV-Vis 
measurements, with all solutions exhibiting a yellow colour associated with the formation 
of the Cu2+ complex (Figure 5.8b).  
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Figure 5.8 a) Competing ion study with HL (20 µM) and one equivalent (20 µM) of Cu2+ in the 
presence of four equivalents (80 µM) of other metal ions in a MeOH/H2O (1:1, v/v; HEPES 20 
mM; pH = 7.00) medium at λmax = 408 nm. b) Competing ion solutions as visible to the naked-eye; 
the detection of Cu2+ by the observed colour change to yellow remains unaffected by other metal 
ions. 
Reversibility studies employing ethylenediaminetetraacetic acid disodium salt 
(H2Na2EDTA) were undertaken in order to probe the robustness of HL with respect to its 
repetitive binding to Cu2+. As with previous experiments, HL was prepared as a 20 µM 
solution in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) mixture. Initially, Cu2+ was 
added at one equivalent (20 µM), followed by four equivalents (80 µM) of EDTA4-. 
Subsequent cycles were undertaken by adding a further 80 µM of Cu2+ followed by 80 µM 
of EDTA4- (Figure 5.9). The addition of EDTA4- results in the disappearance of the band 
at 408 nm, while the further addition of an excess of Cu2+ results in the reformation of this 
band. As the absorbance peak (λmax = 408 nm) was not significantly affected after several 
cycling events, this result indicates that HL is suitable as a reversible sensor.  
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Figure 5.9 Reversibility of the response of HL (20 µM) in a MeOH/H2O (1:1, v/v; HEPES 20 mM; 
pH = 7.00) mixture at λmax = 408 nm after cycling with additions of Cu2+ (20 µM initially, 80 µM 
thereafter) and EDTA4- (80 µM). 
5.3.6. Structural study of the Cu2+ complex 
In order to probe the binding mode of HL for Cu2+, we focused on the visible and EPR 
spectra of the complex. The EPR spectra of frozen complex solutions in buffered 
MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) media, in the absence and also in the 
presence of additional O- or N-donor atoms (respectively, DMSO or pyridine, Figure 5.10), 
all unambiguously display a single species of rhombic symmetry and a dx2−y2 ground state, 
consistent with elongated rhombic-octahedral or distorted square-based pyramidal 
stereochemistry.64 The A hyperfine coupling constants and g factors of these complex 
samples obtained by spectral simulation (Table 5.3) are indicative of either N3O or N2O2 
equatorial coordination donor sets as seen from the values of g3 and A3,65 pointing to 
involvement of one O and two N donor atoms from HL on the equatorial positions of the 
complex. Additionally, the visible spectra obtained for samples under similar conditions to 
those used for the EPR study (Figure 5.S12) display two distinguishable absorptions (as 
shoulders of the higher energy one) centred at the 610–620 and 730–750 nm regions, a 
feature that has been assigned to Cu2+ complexes of square pyramidal geometry featuring 
strong axial bonding interaction.66, 67 Thus, we propose that these spectroscopic results are 
in accord with HL forming a distorted square pyramidal complex in solution by 
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coordination of Cu2+ to the phenoxyl O and both secondary amine N atoms to define an 
approximate equatorial coordination plane, with additional donors from the media 
completing the coordination sphere at the remaining equatorial and axial positions of the 
metal centre.  
 
Figure 5.10 EPR spectra of the complex of HL with Cu2+ in different buffered media (HEPES 20 
mM; pH = 7.00); dotted lines are the corresponding simulated spectra. 
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Table 5.3 Spectroscopic data for the Cu2+ complex of HL prepared in different (pH = 7 buffered) 
aqueous media. 
Medium Visible absorption λmax (ε) a EPR parameters 
b 
g1 g2 g3 A1 A2 A3 
MeOH/H2O 
1:1 615 sh (712) 745 sh (527) 2.020 2.048 2.230 <5 24.4 176.8 
MeOH/H2O/DMSO 
2:2:1 612 sh (724) 750 sh (530) 2.042 2.068 2.253 10.0 20.2 175.2 
MeOH/H2O/DMSO/pyridine 
50:50:25:1 614 sh (999) 735 sh (779) 2.035 2.061 2.232 <5 29.8 170.9 
a At 25 °C, λmax in nm and ε in M−1 cm−1.  
b In frozen solutions at 130 K, Ai is given in 10−4 cm−1. 
5.3.7. Detection of Cu2+ in tap water 
To evaluate the sensing potential of HL in real-world samples, two tap water samples 
suitable for human consumption were taken from the Sydney area in New South Wales, 
Australia. A third sample of known concentration (5 µM of CuCl2) was prepared using 
Milli-Q water and a standardised Cu2+ solution. These samples were prepared in a 
MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) buffered media with HL as 20 µM. The 
samples were analysed using UV-Vis, and the ratio of their absorbance at 408/346 nm 
plotted against a linear calibration plot (Figure 5.S13 and S14). As shown in Table 5.4, the 
measured 5 µM spike of each tap water, and the 5 µM laboratory prepared water sample 
are in good agreement with the expected values. Thus, HL is suitable for the quantitative 
detection of Cu2+ far below the WHO guidelines of 2 mg/L (31.5 µM). 
Table 5.4 Determination of Cu2+ in water samples (n = 5). 
 
Sample Cu2+ added (µM) Cu2+ found (µM) Recovery (%) R.S.D. (%) 
Tap 1 0.00 8.57 - 0.85 
 5.00 13.62 100.34 0.82 
Tap 2 0.00 4.19 - 0.26 
 5.00 9.13 99.38 1.14 
Laboratory 
prepared water 5.00 4.95 99.07 1.14 
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5.4. Materials and methods 
5.4.1. Chemicals and reagent 
All chemicals and solvents were of commercial grade and used without further purification. 
All aqueous solutions were prepared with type I water from a Milli-Q water purification 
system. Metal standards were prepared from chloride (Na+, Mg2+, Al3+, K+, Ca2+, Cr3+, 
Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ba2+ and Hg2+) or nitrate salts (Pb2+) of 
analytical grade, then standardised using literature complexometric titration methods with 
H2Na2EDTA.68 
5.4.2. Synthesis of HL 
The preparation of HL was optimised from a literature procedure (Figure 5.1).69 In a 50 
mL round bottom flask 4-(diethylamino)salicylaldehyde (1000 mg, 5.2 mmol), 1,8-
diaminonaphthalene (825 mg, 5.2 mmol) and a catalytic amount of p-toluenesulfonic acid 
(PTSA) were combined and dissolved in isopropanol (30 mL). This mixture was heated at 
65 °C for 24 h, with the resulting precipitate filtered and washed with 50% isopropanol 
(H2O/isopropanol, v/v). The product was then dried under vacuum at 40 °C, yielding 1.4 g 
(82%) of HL as a white crystalline powder. Crystals suitable for SC-XRD were grown by 
slow evaporation of HL in an ethanol/acetone mixture (1:4 v/v). 1H NMR (DMSO-d6 with 
TMS, 300 MHz) δ (ppm) 9.16 (s. 1H), 7.22 (d. 1H), 7.13 (t. 2H), 6.98 (d. 2H), 6.51 (d. 2H), 
6.43 (s. 2H), 6.20 (s. 1H), 6.18 (s. 1H), 5.50 (s. 1H), 3.29 (q. 4H), 1.07 (t. 6H). 13C NMR 
(DMSO-d6 with TMS, 75.5 MHz) δ (ppm) 156.36, 148.37, 143.71, 134.34, 129.24, 126.63, 
115.07,113.57, 112.50, 104.36, 102.99, 98.31, 61.22, 43.76, 12.39. ESI-HRMS (positive-
ion detection, MeOH, m/z): calculated for [HL+H]+, 334.1919; found 334.1884. FT-IR 
(ATR νmax/cm-1): 3333, 2966, 1596, 1562, 1411, 1216, 1118, 818, 761. Melting point: 156.7 
°C. UV-Vis (1 cm optical path length, MeOH-H2O, 1/1, v/v, HEPES 20 mM, pH = 7.00): 
20 μM of HL, λmax = 320 nm (Abs = 0.277, ε = 13 850), 262 nm (Abs = 0.324, ε = 16 200). 
5.4.3. General methods 
Characterisation of HL was carried out using a range of techniques. 1H and 13C NMR 
spectra were measured on a Bruker DRX-300 NMR spectrometer. FT-IR measurements 
were conducted on a Bruker Vertex 70 spectrometer. High-resolution Electro-Spray 
Ionisation Mass Spectra (ESI-HRMS) were collected using a Waters Xevo QToF 
quadrupole mass spectrometer with samples dissolved in methanol. Simultaneous thermal 
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analysis (STA) was undertaken on a Netzsch STA449 C Jupiter thermo-microbalance. A 
PerkinElmer Lambda 45 UV-Vis spectrophotometer was used to conduct the Job’s plot and 
titration experiments, while all other UV-Vis works were performed using a Varian Cary 
100 spectrophotometer. Quartz cuvettes with a 1 cm optical path length were used for all 
UV-Vis measurements. Single crystal X-ray diffraction (SC-XRD) was undertaken at the 
Australian Synchrotron on the MX1 beamline at 100(2) K with Silicon Double Crystal 
monochromated radiation.70 Data collection was through Blu-Ice71 software, with data 
integration and reduction undertaken using XDS,72 following this, an empirical absorption 
correction was applied using SADABS software.73 The crystal structure was solved by 
direct methods, and the full-matrix least-squares refinements were conducted using the 
SHELX74, 75 suite of programs via Olex2 interface.76  
5.4.4. UV-Vis spectroscopy 
A 2.00 mM stock solution of HL was prepared in MeOH, this solution was used for all 
spectroscopic experiments. Metal interaction studies were conducted using 20 µM of HL 
in a MeOH/H2O (1:1, v/v, HEPES 20 mM, pH = 7.00) buffered mixture with two 
equivalents (40 µM) of various chloride and nitrate salts. Competing ion studies were 
prepared with a similar mixture, 20 µM of HL in a MeOH/H2O (1:1, v/v, HEPES 20 mM, 
pH = 7.00) mixture. CuCl2 was added as one equivalent (20 µM), with competing metal 
ions added in a higher excess (80 µM). Job’s plot measurements were undertaken using 
literature protocols,77, 78 where HL and Cu2+ were prepared in various molar ratios, with the 
combined concentration of both at 50 µM in all analytical solutions. These molar ratio 
mixtures were prepared in a MeOH/H2O (1:1, v/v, HEPES 20 mM, pH = 7.00) buffered 
mixture.  
The complex formed by HL with Cu2+ was studied in more detail in the visible range using 
higher concentration samples in both the absence and the presence of additional 
coordinating compounds, namely DMSO as a good O-donor and pyridine as a good N-
donor. These were prepared in buffered aqueous medium (HEPES 20 mM, pH = 7.00) 
containing both HL and Cu2+ at a 1:1 concentration ratio in the 0.78–1.0 mM range in the 
following solvent mixtures (v/v): (a) MeOH/H2O 1:1, (b) MeOH/H2O/DMSO 2:2:1, and 
(c) MeOH/H2O/DMSO/pyridine 50:50:25:1. In these spectra the relevant bands (600–800 
nm) appear as shoulders on the more energetic band at ~410 nm, so the maxima of these 
absorptions were determined employing the second-derivative method. 
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5.4.5. EPR spectroscopy studies 
The electron paramagnetic resonance spectra were measured on a Bruker EMX 300 
spectrometer operating at the X-band and equipped with a continuous-flow cryostat for 
liquid nitrogen. Here, the complex formed by HL with Cu2+ was also studied in the absence 
and the presence of additional coordinating compounds, similar to the procedure used for 
visible absorption studies. The samples were prepared in buffered aqueous mixtures 
(HEPES 20 mM, pH = 7.00) containing both HL and Cu2+ at a 1:1 concentration ratio in 
the 0.20–0.48 mM range in the following solvent mixtures (v/v): (a) MeOH/H2O 1:1, (b) 
MeOH/H2O/DMSO 2:2:1, and (c) MeOH/H2O/DMSO/pyridine 50:50:25:1. The EPR 
spectra of the frozen sample solutions were acquired at 130 K at a microwave power of 2.0 
mW and a frequency of 9.5 GHz. The experimental spectra were then simulated using the 
SpinCount software79 in order to obtain the corresponding g factors and A hyperfine 
coupling constants. All spectra were successfully simulated considering the presence of a 
single paramagnetic complex species. 
5.4.6. Equilibrium studies 
The equilibrium constants for the protonation of HL and the formation of its Cu2+ 
complexes were determined by UV-Vis pH titrations in the range of pH = 3–11. The 
experimental setup used in these titrations consisted of a closed titration vessel of 5-70 mL 
volume with thermostat jacket set on top of a 801 magnetic stirrer and connected to a 
Dosimat Plus 865 burette, all from Metrohm, as well as being coupled to a Haake F3 
thermostatic water circulator for temperature control. All experiments were performed at 
25 ± 0.1 °C in MeOH/H2O (1:1, v/v) medium at 0.10 ± 0.01 M in KCl, using standardised 
KOH solutions in MeOH/H2O (1:1, v/v) as titrant (at ~0.10 M for protonation and 0.02 M 
for complexation); a nitrogen atmosphere was maintained in the titration vessel. The KOH 
titrant solutions were prepared from dilution of a commercial ampoule and standardised 
using Gran’s method.80 The starting solutions for titrations contained KCl at 0.10 M, HCl 
at 1.0 × 10−3 M (for pH ≈ 3.0), HL at 2.5 × 10−5 M (and CuCl2 in equimolar amount in the 
case of complexation), all in a starting volume of 20 mL. After each titrant addition, a 
sample of ~1 mL was taken from the titration solution, placed in a 1 cm Hellma 114-QS 
cuvette and measured on a PerkinElmer lambda 45 UV-Vis spectrometer, after which the 
sample was returned to the titration solution. The pH was not measured experimentally; 
instead, the proton concentration was calculated from the addition volumes and 
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concentrations of the titrant solutions. The titration data were fitted using the HypSpec 
software,81 in the range of 240–370 nm in the absence of Cu2+ or of 370–500 nm in the 
presence of Cu2+. Species distribution diagrams were plotted with the HySS software at 25 
μM of HL.82 
5.4.7. Sensitivity of HL with Cu2+ 
To determine the sensitivity of HL to Cu2+ a metal titration approach was used in buffered 
pH, where 5 µL additions of CuCl2 aqueous solution were added to a cuvette with 20 µM 
of HL dissolved in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) mixture, until no 
further spectral shift was observed. The limit of detection (LoD) and limit of quantification 
(LoQ) were calculated using 3σ/m and 10σ/m respectively,83 where σ is the standard 
deviation of a blank solution and m is the slope of the linear plot obtained. For the standard 
deviation (σ) determination we took 10 repeated spectra measurements of a blank solution 
(HL solution in the same conditions used for measurements but without any addition of 
Cu2+) and calculated the standard deviation for the absorbance values at 408 nm, obtaining 
a value of σ = 2.34 x10−4.  
5.4.8. Detection of Cu2+ in tap water 
Tap water samples were taken from residential drinking taps in south-east (tap 1) and north-
west (tap 2) Sydney, New South Wales, Australia. While an additional sample of a known 
Cu2+ concentration (5 µM) was prepared in Milli-Q water. To probe the accuracy and 
precision of HL, tap water solutions were also spiked with 5 µM of Cu2+ and all samples 
were measured with five replicates. 
Quantitative detection of Cu2+ in these samples was carried out by UV-Vis spectroscopy 
with HL (20 µM) in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) buffered media. 
The ratiometric response taken from 408/346 nm was plotted against a calibration curve in 
the same media. As the water sample was 40% of the total in cuvette volume a correction 
for sample dilution was applied. 
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5.5. Conclusion 
In summary, we report an efficient colourimetric Cu2+ chemosensor for use in aqueous 
methanol media. The sensor HL exhibits an excellent ratiometric response, also visible by 
the naked-eye, corresponding to a clear colour change from colourless to yellow. In 
addition, Cu2+ sensing is selective, being unaffected by the presence of the wide range of 
other metal cations tested. In buffered medium at pH = 7, an outstanding 3.7 nM limit of 
detection for Cu2+ was obtained in the low nM range, one of the most sensitive reported in 
aqueous media. Furthermore, the reaction stoichiometry between HL and Cu2+ was 
unambiguously established as 1:1, and the complexation is reversible employing EDTA4-
/Cu2+ cycling. The coordination geometry of the formed complex was also tentatively 
assigned as square pyramidal. The complexation constants determined from the pH 
titrations point to the formation of a thermodynamically stable complex that exists almost 
exclusively as [CuL(OH)] in the range of pH = 5–8. According to the preliminary results, 
the simplicity and effectiveness of this sensor shows great potential for real-world 
applications in Cu2+ detection via qualitative (visible colour change) and quantitative 
(spectrophotometry) methods. 
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5.7. Supporting information 
 
Figure 5.S1 1H NMR of HL. 
 
Figure 5.S2 13C NMR of HL. 
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Figure 5.S3 ESI-HRMS spectrum of HL, (positive detection, MeOH) m/z = 334.1884 [HL+H]+. 
 
 
Figure 5.S4 FT-IR spectrum of HL. 
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Figure 5.S5 Simultaneous thermal analysis (STA) spectra of HL. 
 
  
 
Figure 5.S6 Packing representation of HL demonstrating the face-to-face (H7···C7 = 2.997 Å) and 
edge-to-face π stacking (H8···C5 = 3.068 Å, H2···C2 = 2.663 Å) present. 
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Figure 5.S7 Experimental UV-Vis spectra from speciation studies of HL versus pH (25 μM in 
MeOH/H2O 1:1). Insert: 240-440 nm. 
 
Figure 5.S8 Experimental UV-Vis spectra of HL versus pH in presence of one equivalent of 
CuCl2 (25 μM in MeOH/H2O 1:1).  
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Figure 5.S9 Job’s plot experiment of HL and Cu2+ conducted in a MeOH/H2O (1:1, v/v; HEPES 
20 mM; pH = 7.00) medium. a) Experimental UV-Vis spectra. b) Job plot at λmax = 408 nm.  
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Figure 5.S10 ESI-HRMS spectrum of complex, (positive detection, MeOH) calculated for [CuL]+, 
m/z = 395.1059; found 395.1075. 
 
Figure 5.S11 The UV-Vis spectra of competing metal ion study.  
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Figure 5.S12 Visible absorption spectra of the Cu2+ complex of HL in different buffered media 
(HEPES 20 mM; pH = 7.00). 
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Figure 5.S13 Calibration slope used for determination of Cu2+ concentration in tap waters with HL. 
 
Figure 5.S14 UV-Vis spectra obtained from water samples (green, blue, orange, red) and 
calibration series (black) with HL prepared in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) 
medium. 
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Figure 5.S15 Experimental UV-Vis spectra of the reversibility study of HL (20 µM) by alternate 
additions of Cu2+ (20 µM initially, 80 µM thereafter) and EDTA4- (80 µM). 
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Figure 5.S16 Interaction of Fe3+ with MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) media. a) 
20 µM of HL in the presence of 40 µM of Fe3+. Absorbance peak is higher but no lateral shift. b) 
40 µM Fe3+ without HL. c) 20 µM of HL absent Fe3+. d) Calculated spectrum of a with subtraction 
of b, (HL+Fe3++MeOH/HEPES mixture) – (Fe3++MeOH/HEPES mixture). Hence, it can be 
determined that the change seen in a is an interaction of Fe3+ with MeOH/HEPES mixture and not 
a direct interaction with HL. 
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Crystallographic Details: 
Table 5.S1 Crystallographic data for HL. 
  HL 
Empirical formula  C21H23N3O 
Formula weight  333.42 
Temperature/K  100 K 
Crystal system  orthorhombic 
Space group  Pbcn 
a/Å  25.524(5) 
b/Å  13.835(3) 
c/Å  9.914(2) 
α/°  90 
β/°  90 
γ/°  90 
Volume/Å3  3500.9(12) 
Z  8 
ρcalcg/cm3  1.265 
μ/mm-1  0.079 
F(000)  1424.0 
Crystal size/mm3  0.02 × 0.005 × 0.005 
Radiation  MoKα (λ = 0.71073) 
2θ range for data collection/°  3.348 to 54.966 
Index ranges  -33 ≤ h ≤ 33, -17 ≤ k ≤ 17, -12 ≤ l ≤ 12 
Reflections collected  53430 
Independent reflections  4007 [Rint = 0.0547, Rsigma = 0.0191] 
Data/restraints/parameters  4007/0/238 
Goodness-of-fit on F2  1.035 
Final R indexes [I>=2σ (I)]  R1 = 0.0530, wR2 = 0.1353 
Final R indexes [all data]  R1 = 0.0644, wR2 = 0.1440 
Largest diff. peak/hole / e Å-3  0.78/-0.24 
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Table 5.S2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for HL. Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 2424.9(5) 3905.2(9) 7232.7(14) 33.8(3) 
N1 2843.5(5) 4076(1) 4628.5(15) 25.0(3) 
N2 3376.7(5) 4961.0(11) 6106.7(15) 25.6(3) 
N3 1132.8(6) 6295.8(11) 8168.2(17) 34.7(4) 
C1 3278.8(6) 3621.9(11) 4035.4(16) 23.8(3) 
C2 3226.4(7) 2947.9(12) 3030.1(17) 28.2(4) 
C3 3670.0(7) 2447.8(13) 2554.9(18) 31.7(4) 
C4 4159.1(7) 2623.4(13) 3074.6(18) 31.1(4) 
C5 4227.9(7) 3315.2(12) 4120.9(17) 26.8(4) 
C6 4716.3(7) 3491.1(13) 4748.4(18) 30.5(4) 
C7 4753.1(6) 4145.5(13) 5780.4(19) 30.3(4) 
C8 4315.9(6) 4670.5(12) 6232.9(17) 27.1(4) 
C9 3830.9(6) 4516.6(11) 5648.8(16) 23.4(3) 
C10 3781.3(6) 3830.0(11) 4583.9(16) 23.0(3) 
C11 2932.1(6) 5051.6(12) 5178.9(16) 24.2(3) 
C12 2453.2(6) 5379.4(12) 5930.8(16) 24.0(3) 
C13 2229.9(6) 4797.9(11) 6936.1(17) 23.7(3) 
C14 1799.5(6) 5102.3(12) 7677.7(17) 24.9(3) 
C15 1563.9(6) 6005.8(12) 7432.5(18) 26.5(4) 
C16 1781.8(7) 6581.1(13) 6396.8(18) 29.6(4) 
C17 2214.8(7) 6264.9(12) 5677.3(17) 27.4(4) 
C18 1203.4(8) 8038.2(14) 8728(2) 36.8(4) 
C19 904.3(7) 7256.2(13) 7978.1(19) 31.7(4) 
C20 967.3(8) 5748.0(15) 9366(2) 40.8(5) 
C21 601(1) 4936(2) 9007(4) 71.8(9) 
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Table 5.S3 Anisotropic Displacement Parameters (Å2×103) for HL. The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 34.0(7) 27.6(6) 39.8(7) 8.6(5) 10.1(5) 5.8(5) 
N1 22.9(7) 25.6(7) 26.5(7) 0.2(5) -1.4(5) -0.5(5) 
N2 23.1(7) 26.0(7) 27.6(7) -5.8(6) 0.1(5) 1.3(5) 
N3 32.7(8) 30.6(8) 40.7(9) 2.3(7) 12.1(7) 6.9(6) 
C1 28.5(8) 22.4(8) 20.5(7) 4.5(6) 2.9(6) -1.0(6) 
C2 34.6(9) 26.3(8) 23.8(8) 2.7(6) 1.4(7) -4.7(7) 
C3 46.1(10) 24.5(8) 24.6(8) -2.4(7) 8.0(7) -4.0(7) 
C4 36.4(9) 25.9(8) 31.0(9) 0.0(7) 12.7(7) 0.3(7) 
C5 30.3(8) 24.9(8) 25.3(8) 4.0(6) 7.7(6) -0.3(6) 
C6 25.4(8) 31.2(9) 34.9(9) 3.2(7) 7.4(7) 2.9(7) 
C7 22.1(8) 35.3(9) 33.6(9) 4.5(7) 2.1(7) -1.3(7) 
C8 25.2(8) 29.4(8) 26.7(8) -1.2(7) 1.6(6) -2.1(6) 
C9 23.9(7) 23.1(8) 23.3(7) 3.0(6) 3.9(6) 0.2(6) 
C10 26.5(8) 21.3(7) 21.3(7) 3.8(6) 3.1(6) -0.9(6) 
C11 24.7(7) 23.7(8) 24.4(8) 2.1(6) 1.7(6) 0.4(6) 
C12 22.9(7) 24.3(8) 24.9(8) 1.1(6) 0.7(6) 0.2(6) 
C13 23.2(7) 22.0(8) 26.0(8) 1.9(6) -2.4(6) 0.5(6) 
C14 23.5(7) 25.4(8) 25.8(8) 3.2(6) 1.5(6) -1.4(6) 
C15 24.1(8) 27.5(8) 27.9(8) -2.1(7) 1.7(6) 1.3(6) 
C16 30.8(8) 26.2(8) 31.9(9) 4.8(7) 1.7(7) 6.7(7) 
C17 30.5(8) 26.5(8) 25.1(8) 4.9(6) 2.6(7) 2.0(6) 
C18 42.7(10) 35(1) 32.6(9) 1.4(8) -3.9(8) 5.3(8) 
C19 27.9(8) 32.9(9) 34.2(9) -1.9(7) 0.3(7) 7.5(7) 
C20 40.9(10) 39.5(11) 41.9(11) -1.0(9) 11.0(9) 5.6(8) 
C21 55.5(14) 54.7(15) 105(2) -15.3(15) 38.2(16) -13.0(12) 
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Table 5.S4 Bond Lengths for HL. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C13 1.364(2)   C5 C10 1.420(2) 
N1 C1 1.406(2)   C6 C7 1.369(3) 
N1 C11 1.473(2)   C7 C8 1.405(2) 
N2 C9 1.388(2)   C8 C9 1.383(2) 
N2 C11 1.466(2)   C9 C10 1.426(2) 
N3 C15 1.380(2)   C11 C12 1.502(2) 
N3 C19 1.463(2)   C12 C13 1.402(2) 
N3 C20 1.471(3)   C12 C17 1.391(2) 
C1 C2 1.371(2)   C13 C14 1.387(2) 
C1 C10 1.423(2)   C14 C15 1.408(2) 
C2 C3 1.408(3)   C15 C16 1.413(2) 
C3 C4 1.372(3)   C16 C17 1.386(2) 
C4 C5 1.422(2)   C18 C19 1.519(3) 
C5 C6 1.414(2)   C20 C21 1.505(3) 
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Table 5.S5 Bond Angles for HL. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C1 N1 C11 116.30(13)   C1 C10 C9 119.86(14) 
C9 N2 C11 118.62(14)   C5 C10 C1 119.90(15) 
C15 N3 C19 120.92(15)   C5 C10 C9 120.15(15) 
C15 N3 C20 120.41(15)   N1 C11 C12 109.60(13) 
C19 N3 C20 117.22(15)   N2 C11 N1 105.84(13) 
N1 C1 C10 117.54(14)   N2 C11 C12 110.14(13) 
C2 C1 N1 122.06(15)   C13 C12 C11 120.70(15) 
C2 C1 C10 120.23(15)   C17 C12 C11 122.17(15) 
C1 C2 C3 119.92(16)   C17 C12 C13 117.13(15) 
C4 C3 C2 121.26(16)   O1 C13 C12 121.64(15) 
C3 C4 C5 120.36(16)   O1 C13 C14 116.73(14) 
C6 C5 C4 123.06(16)   C14 C13 C12 121.63(15) 
C6 C5 C10 118.62(16)   C13 C14 C15 121.08(15) 
C10 C5 C4 118.30(16)   N3 C15 C14 120.49(15) 
C7 C6 C5 120.19(16)   N3 C15 C16 122.30(15) 
C6 C7 C8 121.72(16)   C14 C15 C16 117.20(15) 
C9 C8 C7 119.85(16)   C17 C16 C15 120.67(15) 
N2 C9 C10 117.59(14)   C16 C17 C12 122.26(16) 
C8 C9 N2 122.83(15)   N3 C19 C18 112.55(15) 
C8 C9 C10 119.46(14)   N3 C20 C21 111.9(2) 
  
Table 5.S6 Hydrogen Bonds for HL. 
D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
O1 H1 N1 0.84 2.11 2.804(2) 139.6 
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Table 5.S7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 
for HL. 
Atom x y z U(eq) 
H1 2644 3744 6642 51 
H1A 2580(9) 4062(17) 4140(20) 44(6) 
H2 3426(8) 5465(15) 6600(20) 31(5) 
H2A 2891 2819 2655 34 
H3 3630 1980 1861 38 
H4 4453 2281 2734 37 
H6 5020 3154 4453 37 
H7 5083 4247 6201 36 
H8 4353 5130 6938 33 
H11 3017 5515 4437 29 
H14 1661 4695 8362 30 
H16 1630 7191 6192 36 
H17 2353 6667 4987 33 
H18A 1566 8058 8404 55 
H18B 1201 7896 9697 55 
H18C 1036 8666 8569 55 
H19A 537 7249 8297 38 
H19B 901 7412 7004 38 
H20A 790 6190 10005 49 
H20B 1280 5480 9822 49 
H21A 769 4513 8342 108 
H21B 278 5202 8626 108 
H21C 518 4562 9820 108 
 
Crystal Data for C21H23N3O (M =333.42 g/mol): orthorhombic, space group Pbcn (no. 
60), a = 25.524(5) Å, b = 13.835(3) Å, c = 9.914(2) Å, V = 3500.9(12) Å3, Z = 8, T = 100 
K K, μ(MoKα) = 0.079 mm-1, Dcalc = 1.265 g/cm3, 53430 reflections measured (3.348° ≤ 
2θ ≤ 54.966°), 4007 unique (Rint = 0.0547, Rsigma = 0.0191) which were used in all 
calculations. The final R1 was 0.0530 (I > 2σ(I)) and wR2 was 0.1440 (all data). 
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Refinement model description 
Number of restraints - 0, number of constraints - unknown. 
Details: 
1. Fixed Uiso 
At 1.2 times of: 
All C(H) groups, All C(H,H) groups 
At 1.5 times of: 
All C(H,H,H) groups, All O(H) groups 
2.a Ternary CH refined with riding coordinates: 
C11(H11) 
2.b Secondary CH2 refined with riding coordinates: 
C19(H19A,H19B), C20(H20A,H20B) 
2.c Aromatic/amide H refined with riding coordinates: 
C2(H2A), C3(H3), C4(H4), C6(H6), C7(H7), C8(H8), C14(H14), C16(H16), C17(H17) 
2.d Idealised Me refined as rotating group: 
C18(H18A,H18B,H18C), C21(H21A,H21B,H21C) 
2.e Idealised tetrahedral OH refined as rotating group: 
O1(H1) 
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CHAPTER SIX: DETERMINATION OF CU2+ IN DRINKING WATER 
USING A HYDROXYJULOLIDINE-DIHYDROPERIMIDINE 
COLOURIMETRIC SENSOR 
The ligands presented in this work are introduced as HLIII and HLIV in chapter 1, however 
this chapter will follow the naming convention of HLʹ and HL, respectively, as presented in 
the published study. 
The work presented in this chapter has been accepted for publication in a peer-reviewed 
journal. This work in manuscript format may be found online using the following reference: 
Daniel J. Fanna, Luís M. P. Lima, Alexander R. Craze, Adrian Trinchi, Gang Wei, Jason K. 
Reynolds, and Feng Li, Journal of Inclusion Phenomena and Macrocyclic Chemistry, 2019, 
94 (3-4), 141-154.  
 
Graphical abstract: 
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6.1. Abstract 
A new and highly efficient colourimetric Cu2+ chemosensor HL, synthesised by 
condensation between 8-hydroxyjulolidine-9-carboxaldehyde and 1,8-
diaminonaphthalene, has been rationally designed and thoroughly studied. In a buffered 
aqueous methanol mixture, interactions between HL and Cu2+ produce an intense visible 
band at 421 nm, considerably red-shifted (~100 nm) from the peak maxima of HL (320 
nm). Absorbance spectrophotometry experiments pointed to an exceptional 2.3 nM limit of 
detection (LoD) calculated from the ratiometric response upon Cu2+ binding. Furthermore, 
without the aid of instrumentation an impressive 0.5 µM LoD is possible by naked-eye 
observations, far below the 31.5 µM (2 mg/L) guidelines for drinking water established by 
the World Health Organization (WHO). Spectrophotometry pH titrations allowed the 
determination of the equilibrium constants and speciation plots for the formation of the 
various chemical species of HL in the absence and presence of Cu2+, with only 
mononuclear complexes being found. Additional studies highlighted the selectivity of HL 
to Cu2+ when in the presence of other metal ions, and a 1:1 (M:L) binding stoichiometry 
has also been confirmed with results from Cu2+ titrations, Job’s plot and ESI-HRMS in 
good agreement. The Cu2+ sensing mechanism was also found to be reversible by cycling 
with H2Na2EDTA. 
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6.2. Introduction 
Supramolecular entities with chemical sensing abilities, otherwise known as chemosensors, 
have been strongly pursued due to their potential application for detection of trace metals, 
anions, and/or small molecules in biological, industrial and environmental fields.1–3 
Currently, a key focus has been on metal ions with the potential to have adverse effects on 
the surrounding environment and human health.4–7 As copper has widespread usage in 
agriculture, industry and drinking water systems, there is a necessity for continuous 
monitoring of copper pollution.8–10 However, typical detection techniques for Cu2+ often 
involve specialised equipment which have complex protocols and are generally not feasible 
for the average population to undertake. Chemosensors that exhibit a colourimetric 
detection show great potential as a positive response may be determined by naked-eye 
(qualitative) or with a spectrophotometer (quantitative). Although a number of Cu2+ 
chemosensors11,12 have already been developed (Table 6.1),13–36 there is still a challenge to 
design a new colourimetric sensor that is highly selective and sensitive, and especially 
applicable for detection without instrumentation. 
As shown in our previous studies,32 and well documented in the literature,37–41 phenoxyl 
and naphthalene diamine based groups exhibit an absorbance peak between 360-500 nm 
that is associated with ligand-to-metal charge transfer (LMCT) transitions. According to 
the results of our continued work utilising the dual LMCT transition of these two functional 
groups, here we report the rational design of a new chemosensor 9-(2,3-dihydro-1H-
perimidin-2-yl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol (HL), synthesised 
from the condensation of julolidine and naphthalene derivatives (Figure 6.1), which may 
have a better selectivity for Cu2+. Thus, hydroxyjulolidine was selected in this study, in 
comparison to 4-(diethylamino)salicylic group of HLʹ used in the previous studies (Figure 
6.2). This julolidine derivative is a stronger electron donor than the similar salicylaldehyde 
variant, which may result in a greater red-shift in the absorbance spectra upon binding to 
Cu2+, in turn allowing a defined complex peak with less overlap of the HL peak. To clearly 
probe the interactions of HL with Cu2+, several spectrophotometry studies including pH 
titrations and various metal detection assays were undertaken along with high-resolution 
electrospray ionisation mass spectrometry (ESI-HRMS). The solution studies were all 
undertaken in MeOH/H2O (1:1, v/v) mixture given that both HL and its Cu2+ complexes 
are not fully soluble in neat water media. 
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Figure 6.1 Synthesis of HL. 
 
 
Figure 6.2 Ligand structure of HLʹ reported in our previous study.32 
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Table 6.1 Recent literature examples of nanomolar Cu2+ detection by UV-Vis or fluorescent 
techniques ordered by their LoD performance.  
LoD (nM) Detection method Media Reference 
880 UV-Vis DMF/bis-tris buffer (1:1, v/v, pH 7.0) 13 
500 UV-Vis Tris-HCl buffer/EtOH 1:1, v/v, 10 mM tris-HCl, pH 7.0 14 
360 UV-Vis DMSO/Bis-tris buffer (1:1, v/v) 15 
200 UV-Vis DMSO/Bis-tris buffer (3:2, v/v, 10 mM bis-tris, pH 7.0) 16 
140 UV-Vis MeOH/HEPES buffer (1:1, v/v, pH 7.4) 17 
105 Fluorescence HEPES buffer (10 mM, pH 7.1) 18 
100 Fluorescence H2O/DMF (9:1, v/v) 19 
100 UV-Vis DMSO/HEPES buffer (9:1, v/v, pH 7.0) 20 
68.6 UV-Vis MeOH/bis-tris buffer (1:1, v/v, 10 mM bis-tris, pH 7) 21 
61.9 UV-Vis CH3CN 22 
40 UV-Vis CH3CN/H2O (varying ratio) 23 
18.9 UV-Vis CH3CN 24 
15.3 UV-Vis Phosphate buffer pH = 5.5 25 
15 Fluorescence DMF/HEPES buffer (3:7, v/v, 20 mM HEPES, pH 7.4) 26 
11.2 Fluorescence Tris buffer (25 mM, pH 7.4) 27 
7.8 Fluorescence CH3CN/H2O (2:1, v/v) 28 
7.8 & 5.7 UV-Vis CH3CN 29 
5.2, 4.9 & 4.5 UV-Vis CH3CN/Tris buffer (1:1, v/v, 10 mM Tris, pH = 7.0) 30 
4 & 3 Fluorescence CH3CN/MeOH/H2O (1:9:10, v/v/v) 31 
3.7 UV-Vis MeOH/HEPES buffer (1:1, v/v, 20 mM HEPES, pH 7.00) 32 
3.0 Fluorescence HEPES buffer (10 mM, pH 8.0) 33 
2.3 UV-Vis MeOH/HEPES buffer (1:1, v/v, 20 mM HEPES, pH 7.00) This work 
1.45 Fluorescence H2O/CH3CN (2:1, v/v) 34 
1.1 Fluorescence HEPES buffer (20 mM, pH 7.0) 35 
0.739 Fluorescence Britton–Robinson buffer/CH3CN (9:1, v/v, pH = 7.02) 36 
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6.3. Results and discussion 
6.3.1. Synthesis of HL 
The synthesis of HL was achieved from the condensation of 8-hydroxyjulolidine-9-
carboxaldehyde and 1,8-diaminonaphthalene in isopropanol (iProOH) with a catalytic 
amount of p-toluenesulfonic acid (PTSA), as shown in Figure 6.1. HL was fully 
characterised by 1H and 13C NMR, ESI-HRMS, FT-IR and STA (Simultaneous Thermal 
Analysis) techniques (Figure 6.S1-S5). ESI-HRMS was conducted on HL in methanol by 
manual injection, and a major peak at 358.1864 m/z was found, corresponding to [HL+H]+ 
(calculated m/z = 358.1914). The obtained FT-IR spectrum is in good agreement with the 
expected structure, two peaks at 3365 and 3276 cm-1 correspond to intramolecular 
interactions of the two secondary amine groups of HL. The STA measurement of HL shows 
a melting point onset at 160.0 °C. UV-Vis spectrum of HL as a 20 μM solution in 
MeOH/H2O (1/1, v/v, HEPES 20 mM) buffered media shows a peak maxima at λmax = 320 
nm (ε = 13 795). Upon the addition of Cu2+ to a solution of HL in MeOH, a major peak at 
419.1011 m/z was observed in ESI-HRMS, indicative of the formation of a 1:1 species 
[CuL]+ (calculated m/z = 419.1053, Figure 6.S6) was observed. The UV-Vis spectra result 
shows a significant red shift to λmax = 421 nm (ε = 32 961) upon the addition of Cu2+ (40 
μM) to a solution of HL (20 μM) in MeOH/H2O (1/1, v/v, HEPES 20 mM) buffered media. 
6.3.2. Crystal structure of HL 
The ligand HL was crystallised, in the orthorhombic space group Pbca, by slow evaporation 
in an ethanol/acetone mixture. Two molecules are present in the asymmetric unit, differing 
in the direction of the offset of the julolidine and diaminonaphthalene ring systems. As 
shown in Figure 6.3, molecule A, the offset of these two planar moieties brings the O1A-
H1A…N1A intramolecular hydrogen-bond (1.942 Å) closer than the O1A-H1B…N2A 
distance (2.997 Å) of the bifurcated hydrogen-bond, while the opposite is observed in 
molecule B (O1B-H1B…N1B – 2.030 Å and O1B-H1B…N2B – 2.825 Å). The deviation 
from the perpendicular arrangement of the two planar moieties is demonstrated by the 
C10A-C1A-C12A-C13A and C10B-C1B-C12B-C13B torsion of 118.266 and -109.181° 
respectively and is illustrated in Figure 6.4. This orientation is stabilised by a combination 
of intra- and intermolecular interactions. Intramolecular hydrogen-bonding between 
O1B…H1BA-N1B of adjacent molecule Bs, as well as edge-to-face π-π interactions (2.737 
Å between H3B and C8B-C7B-C6B-C5B-C10B-C9B benzene centroid), forms pairs of B 
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molecules along the crystallographic a/b-plane. In a similar manner, intermolecular edge-
to-face π-π interactions create pairs of type A, with a H2A… C1A distance of 2.494 Å. 
Adjacent A and B pairs are connected via further edge-to-face π-π interactions 
(H17A…C15B-C16B-C17B-C12B-C13B-C14B benzene centroid distance of 2.757 Å). In 
this way, both inter- and intramolecular interactions result in closer hydrogen-bond 
distances on opposite sides of the diaminonaphthalene moiety of A and B respectively, and 
thus opposite directions of deviation from a perpendicular arrangement between the 
julolidine and diaminonaphthalene moieties of each molecule. This opposite arrangement 
of hydrogen-bonding permits the close packing of A and B pairs in an undulating manner 
along the crystallographic a/b-plane (Figure 6.5).  
 
 
Figure 6.3 Schematic representation of the structure of HL with thermal ellipsoids drawn at 50% 
probability. Bifurcated hydrogen H-bonding represented by dotted lines. a) Molecule A down the 
c-plane (left) and rotated 90° (right). b) Molecule B along the C-axis (left) and rotated 90° (right).  
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Figure 6.4 Overlap representation of molecule A (red) and molecule B (green) of the asymmetric 
unit in two separate orientations, a) top view and b) side view, demonstrating the favouring of 
alternative secondary amine hydrogen-bond acceptors to either side of the diaminonaphthalene 
moiety, leading to deviations from a perpendicular arrangement in opposite directions for molecules 
A and B. The atoms participating in the O-H…N hydrogen-bond are displayed in blue for clarity. 
 
Figure 6.5 Schematic representation of the crystal packing of HL, showing the manner with which 
molecules A (red) and B (green) pack in undulating pairs along the crystallographic a/b-plane 
mediated by intra- and intermolecular hydrogen-bonding and intermolecular edge-to-face π-π 
interactions. 
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6.3.3. Metal sensing screening 
The interaction between HL and common metal cations was probed in 20 µM HL solution 
in MeOH/H2O (1:1, v/v) buffered at pH = 7 with HEPES. Upon the addition of 40 µM of 
Cu2+ to HL, a strong absorption at 421 nm was observed, which gave rise to a clearly visible 
yellow colour (Figure 6.6). While no other metal ion gave rise to a similar absorption shift 
in the visible wavelength region, a buffer interaction was noted for Fe3+ (Figure 6.S7), while 
Hg2+ gave a peak shift in the UV region. The sensing mechanism of HL to Cu2+ is likely 
attributed to a dual ligand-to-metal charge transfer (LMCT) which is characteristic of Cu2+ 
ions coordinating to phenoxyl and naphthalene amine based ligands.32 Considering that this 
absorption response to Cu2+ is extremely similar to the one found for HLʹ,32 we suggest that 
the metal cation should be coordinated to the sensor also in a similar fashion by using the 
phenoxyl oxygen and the two dihydroperimidine nitrogen atoms. 
 
Figure 6.6 a) UV-Vis absorbance spectra of HL (20 µM) with two equivalents (40 µM) of common 
metal ions in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) mixture. b) The visible response 
of the above solutions where colourimetric detection for Cu2+ is shown by a yellow colour change, 
while HL and other cations are colourless. 
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6.3.4. Acid-base equilibrium studies 
The protonation and Cu2+ complexation equilibria of HL were studied by UV-vis pH 
titrations in order to better understand the interaction of the compound with Cu2+, see the 
obtained equilibrium constants in Table 6.2. The designation HL is used throughout this 
work to evidence the presence of a dissociable proton on the neutral form of the studied 
compound. The spectrophotometric changes of HL with pH were fitted to a speciation 
model (Figure 6.7) containing three protonation equilibria, where the two equilibria 
occurring at the acidic pH range could not be determined individually but only in a 
combined form. This is due to a very low abundance of the protonation state (H2L)+ found 
in solution and essentially means that the two protonation steps leading from HL to (H3L)2+ 
happen rather simultaneously around pH = 4. The first protonation of the compound from 
the highest pH is assigned to the hydroxyl group (to form HL) and is higher than that found 
for the related compound HLʹ, which may possibly be explained by a stronger hydrogen 
bonding involving the hydroxyl proton and one of the amines of the dihydroperimidine 
group as seen in crystal structure of HL. 
 
Figure 6.7 Species distribution diagram for HL at 25 μM in MeOH/H2O (1:1, v/v). 
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In presence of Cu2+ in an equimolar amount, the spectrum of HL develops a new band 
centred at ~420 nm. The spectrophotometric changes were in this case fitted to a speciation 
model including three complex species of different protonation states, similarly to the 
complex species found for HLʹ. The most striking fact here is that only mononuclear 
complex species (i.e. of 1:1 M:L ratio) are observed, in agreement with a Job’s plot 
determination (see later). Then, it should be noticed that the [CuL]+ species could not be 
determined during data fitting, just like it was previously found for HLʹ. This indicates that 
such species may only exist in a very low abundance in equilibrium, if at all, thus its 
formation constant cannot be calculated by this method. At acidic pH there is a single 
complex species [Cu(HL)]2+ being formed, which upon a double deprotonation step yields 
the hydroxido species [CuL(OH)] that dominates the intermediate pH range, while an 
additional hydroxido species [CuL(OH)2]- starts to form at more basic pH. Such hydroxido 
complex species likely correspond to the deprotonation of water molecules directly 
coordinated to the metal cation, as usually happens with coordinatively unsaturated 
complexes. At pH = 7, a usual target condition to pursue real-world applications, it should 
be stressed that the Cu2+ complex formed by HL exists as a single species, avoiding any 
ambiguity in the interpretation of the sensing response. 
These results suggest that HL is able to form Cu2+ complexes of moderate thermodynamic 
stability despite its low attainable denticity, something that is visible also from the near 
absence of free Cu2+ above pH = 6 as shown in the speciation plot of Figure 6.8. For a 
comparison of the thermodynamic stability of different complexes it is necessary to take 
into account the different acid-base properties of the ligands, something that can be easily 
done for example by calculating the pCu value (pCu = − log [Cu2+], i.e. the amount of free 
Cu2+ in solution) for each complex at a given pH. Calculating pCu at pH = 7 with a ligand 
concentration of 25 μM and equimolar total Cu2+ yields pCu values of 8.01 and 9.09 for 
HL and HLʹ, respectively. These values show that the Cu2+ complex formed by HL is 
somewhat less stable than the one formed by HLʹ, as they indicate a slightly higher amount 
of free Cu2+ in solution at the chosen conditions. This fact is not necessarily negative as the 
foreseen application for HL is Cu2+ sensing, while considering that the overall magnitude 
of the spectrophotometric response associated with the binding event is not directly related 
to the thermodynamic stability of the formed complex species. 
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Table 6.2 Overall thermodynamic equilibrium constantsa (log β) for the protonation and Cu2+ 
complexation of HL and HLʹ, at 25.0 ± 0.1° C in MeOH/H2O (1:1, v/v) medium at 0.10 ± 0.01 M 
in KCl. 
Equilibrium HL HLʹ b 
L− + H+ ⇄ HL 11.57(1) 10.93 
L− + 2H+ ⇄ (H2L)+ –c 16.50 
L− + 3H+ ⇄ (H3L)2+ 19.39(1) 19.85 
Cu2+ + L− + H+ ⇄ [Cu(HL)]2+ 18.14(1) 19.11 
Cu2+ + L− ⇄ [CuL]+ –c – 
Cu2+ + L− ⇄ [CuLH−1] + H+ 8.91(1) 10.52 
Cu2+ + L− ⇄ [CuLH−2]− + 2 H+ −2.21(3) 1.01 
a Values in parenthesis are standard deviations in the last significant figures.  
b From 32.  
c Not possible to determine. 
 
Figure 6.8 Species distribution diagram for HL in the presence of one equiv. of CuCl2 at 25 μM in 
MeOH/H2O (1:1, v/v). 
 
Chapter Six: Determination of Cu2+ in drinking water using a hydroxyjulolidine-dihydroperimidine colourimetric 
sensor 
178 
6.3.5. Cu2+ binding in pH = 7 buffered medium  
Having demonstrated that HL forms measurable complex species with Cu2+ in variable pH 
conditions, we then proceeded to study the details of the Cu2+ detection phenomenon at a 
fixed pH. To confirm the stoichiometry of the interaction between HL and Cu2+ a 
continuous variation method (Job’s plot) was conducted in a pH = 7 buffered MeOH/H2O 
mixture where the molar ratios between HL and Cu2+ were varied while the combined 
molarity was kept at 50 µM (Figure 6.9 and Figure 6.S8). Two linear plots were generated 
from the maximum absorbance of the complex peak (421 nm), which intersect at a molar 
fraction of 0.50, indicating a 1:1 stoichiometry of HL to Cu2+. This result is in good 
agreement with the complex species found on the pH titrations (see above) and also with 
the 419.1011 m/z found by ESI-HRMS, which corresponds to the [CuL]+ species (Figure 
6.S6). 
 
 
Figure 6.9 Job’s plot experiment of HL and Cu2+ conducted in a MeOH/H2O (1:1, v/v; HEPES 20 
mM; pH = 7.00) medium at λmax = 421 nm, intersect of linear plots at molar fraction of 0.50, 
indicating 1:1 stoichiometry. 
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In order to quantify the sensitivity of HL to Cu2+, a metal titration approach was used, 
where 5 µL additions of a CuCl2 stock solution were added to a cuvette containing 20 µM 
of HL in a buffered MeOH/H2O mixture (Figure 6.10a). As CuCl2 was added, a 
proportional increase in the spectra band at 421 nm was observed, while a decrease of the 
band at 320 nm associated with free HL dropped. An isosbestic point between the complex 
band (421 nm) and the free HL band (320 nm) was noted at 349 nm, indicating a formation 
via a single equilibrium step. The absorbance of this isosbestic point makes for an ideal 
reference against which to plot the absorbance response of the complex peak (421 nm). On 
plotting the ratio of the absorbances at 421/349 nm with the concentration of Cu2+ a linear 
response was found until saturation at ~20 µM of Cu2+ (one equiv.), which supports the 1:1 
stoichiometric relationship between HL and Cu2+ (Figure 6.10b) obtained from pH titration, 
Job’s plot, and ESI-HRMS experiments. From this ratiometric response, the limit of 
detection (LoD) and limit of quantification (LoQ) were calculated using 3σ/m and 10σ/m, 
with values of 2.3 nM and 7.7 nM obtained, respectively. In comparison to other Cu2+ 
chemosensors, HL is one of the most sensitive colourimetric based sensors and even better 
than the previously studied HLʹ, while being comparable to some of the highest sensitivity 
fluorescence-based sensors (Table 6.1). 
An overarching aim of supramolecular based chemosensors is to produce a sensor suitable 
for naked-eye detection, hence, a naked-eye observation LoD was undertaken where 
increasing concentrations of CuCl2 were added to 20 µM solutions of HL in a buffered 
MeOH/H2O mixture (Figure 6.11). It was found that the presence of Cu2+ becomes visually 
detectable from 0.5 μM, and is evident from 1.5 μM. As this is significantly below the 31.5 
μM limit for Cu2+ in drinking water assigned by WHO,42 HL may be suitable for naked-
eye detection of Cu2+ in drinking water samples. 
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Figure 6.10 a) Absorption spectra of HL (20 µM) titration with CuCl2 in a MeOH/H2O (1:1, v/v; 
HEPES 20 mM; pH = 7.00) buffered mixture. Peak associated with complex formation is at λmax = 
421 nm, while isosbestic point lies at 349 nm. b) The plot of the absorbance ratio generated from 
the complex peak over the isosbestic point, with the fitted linear range used to calculate the LoD 
(2.3 nM) and LoQ (7.7 nM). 
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Figure 6.11 Naked-eye detection of Cu2+ with HL at 20 µM in a MeOH/H2O (1:1, v/v; HEPES 20 
mM; pH = 7.00) with increasing concentrations of CuCl2. 
6.3.6. Cu2+ sensing selectivity and reversibility 
To determine the effect of competing cations on HL’s selectivity for Cu2+, UV-Vis 
experiments were conducted where the response of HL to Cu2+ in solutions containing an 
excess of competing cations was investigated. This experiment was undertaken in a similar 
media to previous measurements (MeOH:H2O 1:1, v/v; HEPES 20 mM; pH = 7.00) where 
20 µM of HL was mixed with one equivalent of Cu2+ (20 µM) and four equivalents (80 
µM) of a competing cation (UV-Vis spectra, Figure 6.S9). As shown in Figure 6.12 there 
is no significant effect on the selectivity of HL to Cu2+ in relation to the complex peak 
absorbance (421 nm, Figure 6.12a) or the visible colour of solution (Figure 6.12b).  
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Figure 6.12 a) Absorbance of HL+Cu2+ complex peak (λmax = 421 nm) in the presence of one 
equivalent (20 µM) of Cu2+ and four equivalents (80 µM) of other cations in a MeOH/H2O (1:1, 
v/v; HEPES 20 mM; pH = 7.00) medium. b) Solutions used for competing ion study as observed 
by the naked-eye, where the observed yellow colour indicative of Cu2+ detection remains unaffected 
by other cations. 
In order to probe the reversibility and robustness of HL to repetitive binding of Cu2+, 
experiments were carried out using ethylenediaminetetraacetic acid disodium salt 
(H2Na2EDTA) as a strong metal chelator to remove Cu2+ bound to HL (Figure 6.13). This 
study was carried out in a similar media as previous experiments (1:1, v/v; MeOH:HEPES 
20 mM; pH = 7.00) with 20 µM HL. Initially, Cu2+ was added as one equivalent unit (20 
µM), following this, two equivalents (40 µM) of H2Na2EDTA was added. To restore the 
response of HL to Cu2+, an additional two equivalents (40 µM) of Cu2+ was added. Further 
cycles were conducted where 40 µM of H2Na2EDTA was added to quench the complex 
absorbance peak (λmax = 421 nm), while 40 µM of Cu2+ was added to revive the complex 
absorbance peak. Following 5 cycles, the response of HL to Cu2+ was not significantly 
affected with 89.1% of the original response for Cu2+ gained on the addition of Cu2+ after 
5 cycles. This highlights the robustness of HL, while also supporting that the likely 
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interaction responsible for the Cu2+ sensing properties of HL is a result of LMCT and not 
an oxidation of HL.  
 
 
Figure 6.13 Reversibility and robustness study of HL sensing to Cu2+ (λmax = 421 nm) after cycling 
with Cu2+ (20 µM initially, 40 µM thereafter) and H2Na2EDTA (40 µM) in a MeOH/H2O (1:1, v/v; 
HEPES 20 mM; pH = 7.00) mixture. 
6.3.7. Quantification of Cu2+ in drinking water 
To investigate the potential of HL for Cu2+ detection in actual drinking water, two tap water 
samples from the greater Sydney region in New South Wales, Australia were collected and 
used directly or spiked with 5 and 10 µM of Cu2+. Summarised in Table 6.3 and Figure 
6.14, quantitative determination was undertaken by UV-Vis spectrophotometry, where the 
ratiometric response of 421/349 nm was plotted against a linear calibration curve (Figure 
6.S10). The Cu2+ spiked solutions are in great agreement with their expected values (Table 
6.3), and are very similar to previous results on the same tap water samples using HLʹ 
(previous analysis with HLʹ, Tap 1 = 8.57 µM, Tap 1 + 5 µM Cu = 13.62 µM, Tap 2 = 4.19 
µM, Tap 2 + 5 µM Cu = 9.13 µM) 32. Furthermore, a qualitative naked-eye determination 
(Figure 6.14) of Cu2+ concentrations between samples is consistent with quantitative 
methods.  
  
Chapter Six: Determination of Cu2+ in drinking water using a hydroxyjulolidine-dihydroperimidine colourimetric 
sensor 
184 
Table 6.3 Determination of Cu2+ in water samples (n = 3). 
 
 
Figure 6.14 Naked-eye determination of Cu2+ in tap water samples by HL. 
 
6.4. Experimental 
6.4.1. Chemicals and Reagents 
All chemicals and solvents were of commercial grade and used without further purification. 
Type I water from a Milli-Q water purification system was used for all aqueous solutions. 
Metal standards for all experimental procedures were prepared from chloride (Na+, Mg2+, 
Al3+, K+, Ca2+, Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ba2+ and Hg2+) or nitrate 
salts (Pb2+) of analytical grade. Standardisation was conducted using literature 
complexometric titrations with H2Na2EDTA.43 
Sample Cu2+ added (µM) Cu2+ found (µM) Recovery (%) R.S.D. (%) 
Tap 1 0.00 8.70 - 0.47 
 5.00 13.73 100.26 0.46 
 10.00 18.68 99.71 0.36 
Tap 2 0.00 4.08 - 1.77 
 5.00 9.04 99.51 1.35 
 10.00 14.00 99.72 1.51 
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6.4.2. Synthesis of HL 
In a 50 mL round bottom flask, 700 mg (3.2 mmol) of 8-hydroxyljuloidine-9-
carboxaldehyde, 500 mg (3.2 mmol) of 1,8-diaminonaphthalene and a catalytic amount of 
p-toluenesulfonic acid (PTSA) were dissolved in 25 mL of isopropanol. After heating at 65 
°C for 24 h a precipitate formed, which was collected and washed with isopropanol. The 
filtrate was also collected then condensed until a precipitation formed, which was also 
washed with isopropanol. Both collections were dried under vacuum at 40 °C, yielding a 
total of 176.7 mg and 111.6 mg respectively. The combined total of 288.3 mg gave a 25.4% 
yield as an off white powder. Crystals suitable for diffraction were grown by slow 
evaporation of HL in an ethanol/acetone mixture (1:4 v/v). 
1H NMR (DMSO-d6 with TMS, 300 MHz) δ (ppm) 8.41 (s. 1H), 7.18 (t. 2H), 7.07 (d. 2H), 
6.76 (s. 1H), 6.70 (s. 2H), 6.57 (d. 2H), 5.28 (s. 1H), 3.05 (q. 4H), 2.60 (m. 4H), 1.87 (s. 
4H). 13C NMR (DMSO-d6 with TMS, 75.5 MHz) δ (ppm) 151.89, 143.78, 143.23, 134.24, 
126.63, 115.96, 112.95, 112.47, 111.74, 108.17, 105.23, 65.64, 49.40, 48.89, 26.59, 21.92, 
21.23, 20.98. ESI-HRMS (positive-ion detection, MeOH, m/z): calculated for [HL+H]+, 
358.1914; found 358.1864. FT-IR (ATR νmax/cm-1): 3365, 3276, 2920, 2820, 1595, 1411, 
1327, 1305, 1160, 1144, 819, 759. Melting point, STA: 160.0 °C. UV-Vis (1 cm optical 
path length, MeOH/H2O, 1/1, v/v, HEPES 20 mM, pH = 7.00): 20 μM of HL, λmax = 320 
nm (Abs = 0.276, ε = 13 795). 
6.4.3. General Methods 
Several techniques were utilised to characterise HL. These included; 1H and 13C NMR 
using a Bruker DRX-300 NMR spectrometer, FT-IR by a Bruker Vertex 70 spectrometer, 
ESI-HRMS via a Waters Xevo QToF quadrupole mass spectrometer with samples 
dissolved in methanol, and simultaneous thermal analysis (STA) on a Netzsch STA449 C 
Jupiter thermo-microbalance. In addition to these techniques, HL and its interactions with 
various metal ions were probed using a Varian Cary 100 spectrophotometer with samples 
in 1 cm path length quartz cuvettes. Single crystal X-ray diffraction (SC-XRD) was also 
undertaken at the Australian Synchrotron on the MX1 beamline at 100(2) K with Silicon 
Double Crystal monochromated radiation.44 Data collection was through Blu-Ice45 
software, with data integration and reduction undertaken using XDS,46 following this, an 
empirical absorption correction was applied using SADABS software.47 The crystal 
structure was solved by direct methods, and the full-matrix least-squares refinements were 
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conducted using the SHELX48,49 suite of programs via Olex2 interface.50 Crystallographic 
data in CIF format has been deposited at the Cambridge Crystallographic Data Centre with 
CCDC 1868794. It is available free of charge from the Cambridge Crystallographic Data 
Centre, 12 Union Road, Cambridge CB2 1 EZ, UK; fax: (+44) 1223-336-033; or e-mail: 
deposit@ccdc.cam.ac.uk. 
6.4.4. UV-Vis spectrophotometric methods 
HL was prepared as a 1 mM stock solution in MeOH, which was made to 20 µM in a 
MeOH/H2O (1:1, v/v, HEPES 20 mM, pH = 7.00) buffered mixture; this mixture was used 
for all UV-Vis experiments unless otherwise specified. Metal interaction studies were 
conducted by adding two equivalent units (40 µM) of metal stock solutions to the 20 µM 
buffered mixture of HL. In a similar mixture, competing ion studies were undertaken where 
CuCl2 was added as one equivalent unit (20 µM), with competing metal ions in a higher 
excess of four equivalent units (80 µM). Sensitivity studies of HL to Cu2+ were carried out 
using an in-cuvette metal titration approach with a similar HEPES buffered mixture of HL 
(20 µM). To this mixture, 5 µL additions of a 1 mM CuCl2 aqueous solution were added 
until no further spectral shift was observed. Limit of detection (LoD) and limit of 
quantification (LoQ) measurements were then calculated using 3σ/m and 10σ/m 
respectively,51 where σ is the standard deviation of 10 consecutive scans of the blank 
solution (HL in the same solution prior to the addition of CuCl2, absorbance value taken 
from 421 nm where σ = 1.85 x10-4), and m is the linear slope obtained from the metal 
titration. Job’s plot measurements were based off literature protocols,52,53 where HL and 
CuCl2 were prepared in various molar ratios with the sum of these ratios fixed at 50 µM in 
a MeOH/H2O (1:1, v/v, HEPES 20 mM, pH = 7.00) buffered mixture.  
6.4.5. Acid-base equilibrium studies 
The protonation and Cu2+ complexation properties of the HL chemosensor were studied by 
UV-vis pH titrations in the range of pH = 3–11. The experimental setup used in these 
titrations was previously described.32 All experiments were performed at 25 ± 0.1 °C in 
MeOH/H2O (1:1, v/v) medium at 0.10 ± 0.01 M in KCl under a nitrogen atmosphere inside 
the titration vessel, using a KOH solution as titrant. The KOH solution was prepared from 
dilution of a commercial ampoule at ~0.02 M in MeOH/H2O (1:1, v/v) and then 
standardised using Gran’s method.54 The starting solutions for titrations contained KCl at 
0.10 M, HCl at 1.0 × 10−3 M (for pH ≈ 3.0), HL at 2.5 × 10−5 M (and CuCl2 in equimolar 
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amount in the case of complexation), all in a starting volume of 20 mL. After each titrant 
addition, a sample of ~1 mL was taken from the titration solution and placed in a 1 cm 
Hellma 114-QS cuvette to record the UV-Vis spectrum, after which the sample was 
returned to the titration solution. The pH was not measured experimentally; instead, the 
proton concentration was calculated from the concentration and volume of the added titrant 
at each titration point. The overall equilibrium constants MmHhLl = [MmHhLl]/[M]m[H]h[L]l 
(with MH−hL = ML(OH)h × Kwh) were obtained as log values by fitting the spectrophotometry 
titration data with the HypSpec55 software, in the range of 240–370 nm in the absence of 
Cu2+ or of 370–500 nm in the presence of Cu2+. A value of Kw = 10−13.86 used in the 
refinements was determined in our experimental conditions. Species distribution diagrams 
and pCu values were calculated with the HySS56 software. 
6.4.6. Cu2+ determination in drinking water 
Samples were taken from residential taps in the greater Sydney region, New South Wales, 
Australia. To evaluate the accuracy and precision of HL for Cu2+ detection, sample 
solutions were also spiked with 5 and 10 µM of Cu2+ and measured with three replicates, a 
relative standard deviation (R.S.D.) was also calculated. The accuracy of the probe was 
determined by calculating the sensor’s recovery of Cu2+, where the measured Cu2+ 
concentration was expressed as a percentage in relation to the spike solutions theoretical 
concentration (100%). Quantitative determination was then undertaken by UV-Vis 
spectroscopy with HL (20 µM) in a MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) 
buffered media, where tap water samples accounted for 40% of the total in cuvette volume. 
The ratiometric response taken from 421/349 nm was then potted against a calibration curve 
in similar media, and a correction for sample dilution was applied.  
 
6.5. Conclusions 
A new colourimetric chemosensor for Cu2+ to use in aqueous methanol media has been 
reported, and its X-ray structure determined. The acid-base and Cu2+ complexation 
properties of HL were studied by pH titrations to determine the stability constants of the 
complex species formed, showing that the complex has moderate stability and exists as a 
single species at pH = 7. In a buffered medium at pH = 7, HL is incredibility sensitive to 
Cu2+ with a 2.3 nM LoD calculated from a ratiometric absorbance response. Also, the 
Chapter Six: Determination of Cu2+ in drinking water using a hydroxyjulolidine-dihydroperimidine colourimetric 
sensor 
188 
significant red-shift from colourless to yellow upon Cu2+ binding allows for naked-eye 
determination from an outstanding 0.5 µM level. Furthermore, this stoichiometric 1:1, HL 
to Cu2+ response is unaffected by the presence of other common cations, and the interaction 
is also reversible when employing H2Na2EDTA cycling. The simplicity and effectiveness 
of this sensor shows great promise for real-world applications of Cu2+ sensing that may be 
suitable for quantitative colourimetric measurements (spectrophotometry methods) or 
qualitative (naked-eye observations) detection of Cu2+, both at levels significantly lower 
than the guidelines for drinking water established by WHO.  
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6.7. Supporting information 
 
Figure 6.S1 1H NMR of HL. 
 
Figure 6.S2 13C NMR of HL. 
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Figure 6.S3 ESI-HRMS spectrum of HL, (positive detection, MeOH) calculated for [HL+H]+, m/z 
= 358.1914; found 358.1864. 
 
 
Figure 6.S4 FT-IR spectrum of HL. 
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Figure 6.S5 STA spectra of HL. 
 
 
 
Figure 6.S6 ESI-HRMS spectrum of complex, (positive detection, MeOH) calculated for [CuL]+, 
m/z = 419.1053; found 419.1011. 
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Figure 6.S7 Interference response of Fe3+ with MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) 
media. a) 20 µM of HL with two equivalent units of Fe3+ in the MeOH/H2O buffered media 
described above. b) 40 µM of Fe3+ in a similar media without HL. c) 20 µM of HL in buffered 
MeOH/H2O media. d) Calculated spectrum of a minus b. 
From this experiment, it may be determined that the response seen between HL and Fe3+ is due to 
an interaction between Fe3+ and the experiment media (MeOH/H2O, 1:1, v/v; HEPES 20 mM; pH 
= 7.00), not an interaction between HL and Fe3+. 
 
Chapter Six: Determination of Cu2+ in drinking water using a hydroxyjulolidine-dihydroperimidine colourimetric 
sensor 
196 
 
Figure 6.S8 Experimental UV-Vis spectra of Job’s plot experiment of HL and Cu2+ conducted in a 
MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) medium. 
 
Figure 6.S9 The UV-Vis spectra of competing metal ion study. 
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Figure 6.S10 Linear calibration slope used for determination of Cu2+ concentration in tap waters 
with HL. 
 
Figure 6.S11 UV-Vis spectra obtained from water samples (Tap 1 light red to red, Tap 2 light blue 
to blue) and calibration series (black) with HL prepared in a MeOH/H2O (1:1, v/v; HEPES 20 mM; 
pH = 7.00) medium. 
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Figure 6.S12 Experimental UV-Vis spectra of the reversibility study of HL (20 µM) by alternate 
additions of Cu2+ (20 µM initially, 80 µM thereafter) and EDTA4- (80 µM). 
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Crystallographic Details:  
Table 6.S1 Crystal data and structure refinement for HL. 
 HL 
Empirical formula C46H46N6O2 
Formula weight 714.89 
Temperature/K 100 K 
Crystal system orthorhombic 
Space group Pbca 
a/Å 14.190(3) 
b/Å 9.6630(19) 
c/Å 52.023(10) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 7133(2) 
Z 8 
ρcalcg/cm3 1.331 
μ/mm-1 0.083 
F(000) 3040.0 
Crystal size/mm3 0.02 × 0.01 × 0.005 
Radiation MoKα (λ = 0.71073) 
2θ range for data collection/° 3.27 to 52.744 
Index ranges -17 ≤ h ≤ 17, -12 ≤ k ≤ 12, -65 ≤ l ≤ 65 
Reflections collected 97167 
Independent reflections 7238 [Rint = 0.1128, Rsigma = 0.0367] 
Data/restraints/parameters 7238/0/498 
Goodness-of-fit on F2 1.165 
Final R indexes [I>=2σ (I)] R1 = 0.0824, wR2 = 0.1950 
Final R indexes [all data] R1 = 0.1030, wR2 = 0.2058 
Largest diff. peak/hole / e Å-3 0.57/-0.68 
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Table 6.S2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for HL. Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1B 7501.9(18) 9229(3) 6331.3(4) 21.2(5) 
N1B 8213(2) 6956(3) 6577.6(5) 18.9(6) 
N2B 9420(2) 8602(3) 6650.2(5) 20.1(6) 
N3B 8588(2) 9776(3) 5466.1(5) 24.4(7) 
C1B 8219(2) 6566(3) 6839.1(6) 17.7(7) 
C2B 7606(2) 5585(4) 6934.6(6) 20.8(7) 
C3B 7581(3) 5308(4) 7199.5(7) 23.0(7) 
C4B 8166(3) 5979(4) 7366.3(7) 24.0(8) 
C5B 8819(2) 6984(3) 7275.8(6) 19.7(7) 
C6B 9432(3) 7720(4) 7441.7(7) 24.3(8) 
C7B 10012(3) 8730(4) 7343.8(7) 26.2(8) 
C8B 10029(2) 9024(4) 7080.6(7) 23.2(7) 
C9B 9463(2) 8311(4) 6913.0(6) 19.2(7) 
C10B 8844(2) 7260(3) 7008.7(6) 18.1(7) 
C11B 9107(2) 7513(3) 6474.4(6) 18.1(7) 
C12B 8957(2) 8114(4) 6209.3(6) 19.4(7) 
C13B 8189(2) 8947(3) 6150.6(6) 18.0(7) 
C14B 8048(2) 9516(3) 5906.2(6) 18.5(7) 
C15B 8732(3) 9274(4) 5715.4(6) 20.3(7) 
C16B 9530(3) 8453(4) 5772.0(6) 21.4(7) 
C17B 9616(2) 7895(4) 6014.6(6) 21.8(7) 
C18B 10279(3) 8209(4) 5569.3(7) 29.2(9) 
C19B 9883(3) 8373(4) 5300.6(7) 31.5(9) 
C20B 9351(3) 9722(4) 5280.2(7) 24.7(8) 
C21B 7883(3) 10858(4) 5427.4(7) 25.5(8) 
C22B 6988(3) 10485(4) 5565.3(7) 26.0(8) 
C23B 7173(3) 10353(4) 5852.2(7) 24.3(8) 
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O1A 1548.8(19) 7024(3) 6374.0(5) 34.8(7) 
N1A 1747(2) 4835(4) 6067.9(6) 25.3(7) 
N2A 2686(2) 6294(3) 5810.4(5) 24.6(7) 
N3A 4192(2) 8517(3) 6865.8(6) 23.5(7) 
C1A 1250(3) 4381(4) 5847.8(7) 21.9(7) 
C2A 478(3) 3522(4) 5869.9(7) 25.8(8) 
C3A -3(3) 3085(4) 5648.3(7) 27.1(8) 
C4A 256(3) 3529(4) 5409.2(7) 25.6(8) 
C5A 1018(3) 4466(4) 5379.4(7) 22.8(7) 
C6A 1293(3) 5020(4) 5139.0(7) 24.5(8) 
C7A 2016(3) 5945(4) 5124.2(7) 27.5(8) 
C8A 2525(3) 6371(4) 5344.1(7) 26.1(8) 
C9A 2273(3) 5834(4) 5581.8(6) 22.5(7) 
C10A 1527(2) 4869(4) 5603.0(6) 19.8(7) 
C11A 2717(3) 5325(4) 6027.5(6) 22.8(8) 
C12A 3083(3) 6096(4) 6261.4(7) 21.5(7) 
C13A 2502(3) 6921(4) 6415.3(6) 22.3(7) 
C14A 2855(2) 7705(4) 6618.3(7) 22.4(7) 
C15A 3837(2) 7722(3) 6663.1(6) 20.1(7) 
C16A 4443(2) 6931(3) 6504.4(6) 20.0(7) 
C17A 4046(2) 6120(3) 6312.8(7) 20.5(7) 
C18A 5504(2) 7064(4) 6531.0(7) 24.1(8) 
C19A 5775(3) 7612(4) 6794.3(7) 27.7(8) 
C20A 5185(3) 8863(4) 6858.6(7) 27.1(8) 
C21A 3591(3) 9605(4) 6966.8(8) 37.3(10) 
C22A 2625(3) 9045(6) 7025.7(8) 43.6(12) 
C23A 2168(3) 8501(4) 6783.6(7) 30.8(9) 
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Table 6.S3 Anisotropic Displacement Parameters (Å2×103) for HL. The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1B 22.0(12) 21.4(13) 20.0(11) 1.6(9) 4.1(10) 5.0(10) 
N1B 18.4(15) 18.5(14) 19.9(14) 0.4(11) 0.0(11) -1.0(12) 
N2B 25.3(16) 14.5(14) 20.5(14) 2.8(11) -1.8(12) -6.0(12) 
N3B 29.1(17) 22.7(15) 21.3(15) 5.5(12) 3.6(12) 2.9(13) 
C1B 17.0(16) 15.3(15) 20.9(16) 0.3(13) 1.1(13) 1.0(13) 
C2B 18.9(17) 18.2(17) 25.2(17) -0.1(13) -0.8(14) 1.4(14) 
C3B 21.8(18) 17.0(17) 30.2(18) 3.5(14) 4.4(14) -1.2(14) 
C4B 26.1(19) 24.6(18) 21.3(17) 5.5(14) 1.7(14) -0.8(15) 
C5B 17.5(17) 16.4(16) 25.2(17) 0.6(13) 1.0(13) 1.9(13) 
C6B 25.8(19) 26.6(18) 20.6(17) 1.8(14) -2.4(14) -1.2(16) 
C7B 20.7(18) 29(2) 28.7(19) -4.8(15) -3.9(14) -2.9(16) 
C8B 17.5(17) 23.0(18) 29.0(18) 0.3(14) -0.7(14) -5.6(14) 
C9B 17.5(17) 18.6(17) 21.6(17) 0.3(13) 0.6(13) 1.6(14) 
C10B 17.1(16) 15.1(16) 22.0(16) 0.8(12) 0.0(13) 3.3(13) 
C11B 16.0(16) 16.1(16) 22.3(17) 2.1(13) 1.5(13) -0.4(13) 
C12B 19.4(17) 19.5(17) 19.2(16) -1.1(13) 0.3(13) -0.6(14) 
C13B 17.7(17) 16.6(16) 19.7(16) -2.1(12) 2.0(13) 0.3(13) 
C14B 21.5(17) 12.4(15) 21.7(16) -0.7(12) 0.3(13) 0.3(13) 
C15B 23.3(18) 17.9(16) 19.6(16) 0.0(13) 0.2(13) -1.8(14) 
C16B 23.5(18) 17.6(16) 23.3(17) 0.0(13) 2.9(14) 1.7(14) 
C17B 17.9(17) 23.4(18) 24.0(17) 0.7(14) 2.1(13) 1.9(14) 
C18B 30(2) 29(2) 28.8(19) 4.7(15) 10.1(16) 9.2(17) 
C19B 42(2) 27(2) 26.1(19) 1.5(15) 11.6(17) 1.7(18) 
C20B 30(2) 21.2(18) 22.5(17) 2.3(14) 3.1(14) -2.1(15) 
C21B 31(2) 20.7(18) 24.5(18) 3.0(14) -6.0(15) 0.8(16) 
C22B 28(2) 19.9(18) 30.4(19) 3.1(14) -3.0(15) 4.4(15) 
C23B 27.3(19) 20.5(18) 25.0(18) 0.7(14) -1.0(14) 5.3(15) 
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O1A 21.1(14) 45.1(18) 38.0(16) -11.5(13) -6.4(11) 7.7(13) 
N1A 24.0(17) 31.5(18) 20.3(15) 2.2(13) -0.8(12) -4.1(14) 
N2A 31.5(18) 17.9(15) 24.3(15) -4.3(12) -2.4(12) -7.7(13) 
N3A 22.1(16) 23.6(16) 24.9(15) -5.2(12) -4.9(12) 1.9(13) 
C1A 23.4(18) 17.2(17) 25.1(18) 0.0(13) -3.3(14) 3.6(14) 
C2A 23.0(19) 25.3(19) 29.0(19) 5.0(15) 0.0(14) 0.4(15) 
C3A 20.1(18) 23.1(19) 38(2) 1.8(15) -5.3(15) -3.2(15) 
C4A 27(2) 19.7(17) 29.9(19) -2.7(14) -9.3(15) 3.2(15) 
C5A 26.7(19) 14.3(16) 27.4(18) -3.0(14) -3.8(14) 5.3(14) 
C6A 33(2) 18.8(17) 21.5(17) -2.5(14) -4.1(14) 6.6(16) 
C7A 36(2) 23.5(19) 23.1(18) -0.1(14) 0.4(15) -1.0(16) 
C8A 29.3(19) 22.9(19) 26.1(18) -1.2(14) 0.9(16) -5.5(16) 
C9A 27(2) 18.1(17) 22.9(17) -2.7(13) -2.5(14) 1.3(14) 
C10A 19.5(17) 15.3(16) 24.6(17) -1.5(13) -0.4(13) 3.9(13) 
C11A 23.7(19) 19.9(18) 24.8(17) -2.5(14) -1.6(14) -0.5(15) 
C12A 23.1(18) 19.3(17) 22.2(17) -1.6(13) -2.2(13) 1.4(14) 
C13A 17.6(17) 24.5(19) 24.9(17) -0.6(14) -2.2(14) 2.0(14) 
C14A 21.9(18) 23.5(18) 21.7(17) -1.2(14) -1.4(13) 7.3(15) 
C15A 23.1(18) 15.6(16) 21.6(17) 1.5(13) -3.9(13) -1.6(14) 
C16A 19.7(17) 16.6(16) 23.6(17) 1.4(13) -1.4(13) 0.4(14) 
C17A 22.4(18) 14.2(16) 25.0(17) 1.0(13) 1.5(13) -0.3(14) 
C18A 18.4(18) 20.2(17) 34(2) 0.4(15) -1.4(14) 0.7(14) 
C19A 21.9(19) 25.8(19) 35(2) 2.2(16) -4.9(15) -1.0(16) 
C20A 27(2) 22.0(19) 32(2) -1.9(15) -3.7(15) -4.6(15) 
C21A 36(2) 34(2) 43(2) -18.7(19) -11.0(18) 15.3(19) 
C22A 35(2) 61(3) 35(2) -18(2) -4.0(18) 16(2) 
C23A 31(2) 35(2) 27.1(19) -5.6(16) 0.0(15) 11.0(18) 
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Table 6.S4 Bond Lengths for HL. 
Atom Atom Length/Å  Atom Atom Length/Å 
O1B C13B 1.381(4)  O1A C13A 1.373(4) 
N1B C1B 1.412(4)  N1A C1A 1.414(5) 
N1B C11B 1.479(4)  N1A C11A 1.471(5) 
N2B C9B 1.397(4)  N2A C9A 1.399(4) 
N2B C11B 1.463(4)  N2A C11A 1.467(4) 
N3B C15B 1.399(4)  N3A C15A 1.399(4) 
N3B C20B 1.452(4)  N3A C20A 1.448(5) 
N3B C21B 1.462(5)  N3A C21A 1.452(5) 
C1B C2B 1.379(5)  C1A C2A 1.379(5) 
C1B C10B 1.420(5)  C1A C10A 1.414(5) 
C2B C3B 1.404(5)  C2A C3A 1.405(5) 
C3B C4B 1.365(5)  C3A C4A 1.366(5) 
C4B C5B 1.422(5)  C4A C5A 1.419(5) 
C5B C6B 1.416(5)  C5A C6A 1.415(5) 
C5B C10B 1.416(5)  C5A C10A 1.423(5) 
C6B C7B 1.374(5)  C6A C7A 1.363(5) 
C7B C8B 1.399(5)  C7A C8A 1.414(5) 
C8B C9B 1.371(5)  C8A C9A 1.388(5) 
C9B C10B 1.432(5)  C9A C10A 1.416(5) 
C11B C12B 1.512(5)  C11A C12A 1.518(5) 
C12B C13B 1.389(5)  C12A C13A 1.399(5) 
C12B C17B 1.394(5)  C12A C17A 1.392(5) 
C13B C14B 1.400(5)  C13A C14A 1.393(5) 
C14B C15B 1.407(5)  C14A C15A 1.413(5) 
C14B C23B 1.509(5)  C14A C23A 1.510(5) 
C15B C16B 1.414(5)  C15A C16A 1.416(5) 
C16B C17B 1.378(5)  C16A C17A 1.388(5) 
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C16B C18B 1.515(5)  C16A C18A 1.517(5) 
C18B C19B 1.515(5)  C18A C19A 1.518(5) 
C19B C20B 1.511(5)  C19A C20A 1.508(5) 
C21B C22B 1.502(5)  C21A C22A 1.505(7) 
C22B C23B 1.521(5)  C22A C23A 1.511(5) 
 
Table 6.S5 Bond Angles for HL. 
Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
C1B N1B C11B 116.2(3)  C1A N1A C11A 116.8(3) 
C9B N2B C11B 118.7(3)  C9A N2A C11A 117.7(3) 
C15B N3B C20B 119.8(3)  C15A N3A C20A 117.2(3) 
C15B N3B C21B 118.4(3)  C15A N3A C21A 117.3(3) 
C20B N3B C21B 116.3(3)  C20A N3A C21A 114.4(3) 
N1B C1B C10B 118.4(3)  C2A C1A N1A 121.0(3) 
C2B C1B N1B 121.8(3)  C2A C1A C10A 119.8(3) 
C2B C1B C10B 119.7(3)  C10A C1A N1A 119.2(3) 
C1B C2B C3B 120.0(3)  C1A C2A C3A 119.9(3) 
C4B C3B C2B 121.2(3)  C4A C3A C2A 121.5(4) 
C3B C4B C5B 120.7(3)  C3A C4A C5A 120.3(3) 
C6B C5B C4B 122.8(3)  C4A C5A C10A 118.2(3) 
C10B C5B C4B 118.0(3)  C6A C5A C4A 123.2(3) 
C10B C5B C6B 119.2(3)  C6A C5A C10A 118.6(3) 
C7B C6B C5B 119.9(3)  C7A C6A C5A 120.3(3) 
C6B C7B C8B 121.2(3)  C6A C7A C8A 122.0(3) 
C9B C8B C7B 120.6(3)  C9A C8A C7A 118.7(4) 
N2B C9B C10B 117.1(3)  N2A C9A C10A 117.2(3) 
C8B C9B N2B 123.2(3)  C8A C9A N2A 122.1(3) 
C8B C9B C10B 119.6(3)  C8A C9A C10A 120.5(3) 
C1B C10B C9B 120.2(3)  C1A C10A C5A 120.3(3) 
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C5B C10B C1B 120.3(3)  C1A C10A C9A 119.8(3) 
C5B C10B C9B 119.4(3)  C9A C10A C5A 119.7(3) 
N1B C11B C12B 110.5(3)  N1A C11A C12A 111.4(3) 
N2B C11B N1B 107.2(3)  N2A C11A N1A 106.7(3) 
N2B C11B C12B 109.7(3)  N2A C11A C12A 108.3(3) 
C13B C12B C11B 122.3(3)  C13A C12A C11A 122.4(3) 
C13B C12B C17B 117.0(3)  C17A C12A C11A 119.9(3) 
C17B C12B C11B 120.6(3)  C17A C12A C13A 117.3(3) 
O1B C13B C12B 121.3(3)  O1A C13A C12A 122.2(3) 
O1B C13B C14B 116.1(3)  O1A C13A C14A 115.7(3) 
C12B C13B C14B 122.6(3)  C14A C13A C12A 122.2(3) 
C13B C14B C15B 118.5(3)  C13A C14A C15A 119.0(3) 
C13B C14B C23B 119.8(3)  C13A C14A C23A 118.5(3) 
C15B C14B C23B 121.7(3)  C15A C14A C23A 122.5(3) 
N3B C15B C14B 119.7(3)  N3A C15A C14A 119.1(3) 
N3B C15B C16B 120.3(3)  N3A C15A C16A 121.1(3) 
C14B C15B C16B 119.9(3)  C14A C15A C16A 119.8(3) 
C15B C16B C18B 120.3(3)  C15A C16A C18A 120.3(3) 
C17B C16B C15B 118.7(3)  C17A C16A C15A 118.4(3) 
C17B C16B C18B 121.0(3)  C17A C16A C18A 121.1(3) 
C16B C17B C12B 123.2(3)  C16A C17A C12A 123.1(3) 
C19B C18B C16B 111.5(3)  C16A C18A C19A 111.3(3) 
C20B C19B C18B 109.9(3)  C20A C19A C18A 109.8(3) 
N3B C20B C19B 110.9(3)  N3A C20A C19A 111.2(3) 
N3B C21B C22B 109.9(3)  N3A C21A C22A 110.4(4) 
C21B C22B C23B 110.1(3)  C21A C22A C23A 110.3(4) 
C14B C23B C22B 111.7(3)  C14A C23A C22A 112.0(3) 
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Table 6.S6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 
for HL. 
Atom x y z U(eq) 
H1B 7565 8707 6454 32 
H2B 9575 9405 6593 24 
H2BA 7209 5107 6823 25 
H3B 7158 4656 7262 28 
H4B 8137 5777 7541 29 
H6B 9442 7520 7617 29 
H7B 10399 9226 7455 31 
H8B 10429 9711 7019 28 
H11B 9581 6776 6467 22 
H17B 10138 7345 6050 26 
H18A 10790 8863 5594 35 
H18B 10533 7284 5589 35 
H19A 10392 8360 5176 38 
H19B 9463 7608 5263 38 
H20A 9779 10487 5310 30 
H20B 9096 9818 5108 30 
H21A 7757 10965 5245 31 
H21B 8121 11732 5492 31 
H22A 6747 9616 5499 31 
H22B 6517 11194 5535 31 
H23A 7243 11269 5926 29 
H23B 6636 9913 5934 29 
H1A 1389 6462 6264 52 
H2A 2914 7115 5823 29 
H2AA 277 3231 6031 31 
H3A -509 2480 5665 32 
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H4A -69 3216 5265 31 
H6A 978 4752 4990 29 
H7A 2179 6307 4965 33 
H8A 3019 6998 5330 31 
H11A 3131 4544 5987 27 
H17A 4442 5567 6214 25 
H18C 5741 7687 6400 29 
H18D 5794 6166 6505 29 
H19C 5677 6899 6923 33 
H19D 6437 7863 6795 33 
H20C 5375 9226 7024 32 
H20D 5290 9577 6731 32 
H21C 3541 10346 6842 45 
H21D 3868 9982 7122 45 
H22C 2237 9773 7099 52 
H22D 2674 8306 7151 52 
H23C 1647 7901 6830 37 
H23D 1916 9271 6686 37 
H1BA 7980(30) 6310(50) 6476(8) 36(12) 
H1AA 1710(30) 4310(50) 6192(9) 44(14) 
Crystal Data for C46H46N6O2 (M =714.89 g/mol): orthorhombic, space group Pbca (no. 
61), a = 14.190(3) Å, b = 9.6630(19) Å, c = 52.023(10) Å, V = 7133(2) Å3, Z = 8, T = 
100 K, μ(MoKα) = 0.083 mm-1, Dcalc = 1.331 g/cm3, 97167 reflections measured (3.27° ≤ 
2θ ≤ 52.744°), 7238 unique (Rint = 0.1128, Rsigma = 0.0367) which were used in all 
calculations. The final R1 was 0.0824 (I > 2σ(I)) and wR2 was 0.2058 (all data).  
Refinement model description  
Details: 
1. Fixed Uiso 
At 1.2 times of: 
All C(H) groups, All C(H,H) groups, All N(H) groups 
At 1.5 times of: 
All O(H) groups 
2.a Ternary CH refined with riding coordinates: 
C11B(H11B), C11A(H11A) 
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2.b Secondary CH2 refined with riding coordinates: 
C18B(H18A,H18B), C19B(H19A,H19B), C20B(H20A,H20B), C21B(H21A,H21B), C22B(H22A, 
H22B), C23B(H23A,H23B), C18A(H18C,H18D), C19A(H19C,H19D), C20A(H20C,H20D), 
C21A(H21C,H21D), C22A(H22C,H22D), C23A(H23C,H23D) 
2.c Aromatic/amide H refined with riding coordinates: 
N2B(H2B), C2B(H2BA), C3B(H3B), C4B(H4B), C6B(H6B), C7B(H7B), C8B(H8B), 
C17B(H17B), N2A(H2A), C2A(H2AA), C3A(H3A), C4A(H4A), C6A(H6A), C7A(H7A), 
C8A(H8A), C17A(H17A) 
2.d Idealised tetrahedral OH refined as rotating group: 
O1B(H1B), O1A(H1A) 
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CHAPTER SEVEN: A COLOURIMETRIC CHEMOSENSOR FOR 
QUANTIFICATION OF EXCHANGEABLE CU2+ IN SOIL 
The ligand presented in this work is introduced as HLIII in chapter 1, however this chapter 
will follow the naming convention HL as presented in the published work.  
The work presented in this chapter has been accepted for publication in a peer-reviewed 
journal. This work in manuscript format may be found online using the following reference: 
Daniel J. Fanna, Luís M. P. Lima, Gang Wei, Feng Li and Jason K. Reynolds, Chemosphere, 
in press, DOI: 10.1016/j.chemosphere.2019.124664. 
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7.1. Abstract 
Chemosensors have already demonstrated potential for the detection and imaging of metal 
ions in solutions and biological systems, however, their applications to soil analysis are 
limited. This study explores the potential of utilising a chemosensor for the detection of 
exchangeable Cu2+ in soils via qualitative (solution visual colour change) and quantitative 
(UV-Vis spectrophotometry) approaches. Montmorillonite and kaolin clays were doped 
with Cu(NO3)2 solutions from 2.5 to 50 mM, and contaminated soil samples were collected 
from a historic copper mine. The exchangeable Cu2+ was extracted using a standard CaCl2 
cation exchange approach, and the Cu2+ concentration in the resulting solutions determined 
by chemosensor using UV-Vis spectrophotometry, and compared to traditional ICP-MS 
analysis. Analytical results showed that the chemosensor provided a visual response in 
contaminated soils at concentrations of 25 µM and quantitative detection to concentrations 
of 1 µM using UV-Vis spectrophotometry. To the best of our knowledge, this work 
demonstrates the first reported chemosensor for exchangeable Cu2+ with application to soil 
systems.  
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7.2. Introduction 
Previous research has shown that heavy metal contamination of soils is a major 
environmental issue which has the potential to impact the local ecosystems, groundwaters, 
and ultimately human health.1–5 Copper (Cu2+) is an essential trace element for most 
organisms, however at high concentrations is considered toxic.6 Whilst copper is present in 
soils in trace amounts, the interventions of human activities including agriculture, mining 
operations, and industrial activities have increased the mobility and amount of copper in 
surface environments.7–12 For optimal soil fertility, the upper limit of total copper in soils 
is dependent on the cation exchange capacity (CEC) of the soil, along with soil pH and the 
land use. Acidic soils with a lower CEC have a lower limit of added copper compared to 
soils with a higher pH and/or a greater CEC. However, to ensure ecological protection the 
exchangeable copper, which is a smaller portion of the total copper in soils, is an important 
component to monitor. Elevated levels of exchangeable copper may be toxic to plants and 
soil biota, especially sensitive soil invertebrates such as nematodes and earthworms which 
have an EC10 of 27-61 ppm of added copper.13 To ensure protection of 95% of species in 
ecological systems, the upper limit of added copper in soils is 20-173 ppm.13,14 
The mobility of trace elements including Cu2+ in the environment is regulated primarily by 
surface adsorption interactions with solid surfaces.6,15 These exchange phenomena involve 
electrostatic and bonding reactions between solutes and the mineral and organic phases 
present in the soil matrix. The dominant mineral phase in soils are clay minerals defined as 
fine-grained hydrous aluminosilicates and are often classified into one of two groups, 1:1 
and 2:1, which are based on the packing ratio of tetrahedral silicates and octahedral 
aluminium/magnesium hydroxide sheets into layers.16 The packing of these layers, and 
specifically the chemical ratio between cationic and anionic species, influences the net 
charge of a clay particle, which in turn mediates the CEC of the clay.7,16  
The measurement of CEC and the quantification of Cu2+ adsorbed to a solid phase such as 
clay minerals in soil is achieved through interaction with a strong electrolyte solution. The 
principle behind this method is to use a salt solution, in which the cationic component of 
the solution is exchanged with the cations bound to the soil particles. Several salt solutions 
are suitable for cation exchange, and common examples include NH4Cl, CsCl and CaCl2.17–
19 The measure of exchangeable ions on soils is important, as they are recognised as an 
important sink for soil fertility. Currently, inductively coupled plasma – mass spectrometry 
(ICP-MS) is the state-of-the-art method of quantifying Cu2+ in cation exchange solutions. 
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However, while ICP-MS offers exceptional sensitivity for Cu2+, and other metals, with a 
detection limit in parts per billion (ppb), it is generally regarded as an expensive laboratory-
based technique that requires specialised training and complex sample preparation. In 
practice, although ICP-MS is an ideal tool for determining soil fertility, it is often out of 
reach for typical members of the community.  
Although they have shown promise in systems such as drinking water, aqueous 
environments, and cell studies, there is still the need to test the potential of chemosensors 
for practical heavy metal identification in soils.20–24 Currently, chemosensors have been 
well established with a vast number of published examples covering an extensive range of 
metal ions, anions, and neutral species.25–32 However, there are only few published 
examples of chemosensors for metals in soil systems,33–35 with even less research 
conducted on actual exchangeable metal determination in soils.36,37 The potential advantage 
using chemosensors is that traditional techniques require the use of complex protocols 
along with specialised instruments that are often unsuitable for field analysis, expensive 
and/or impractical for the general population to undertake. 
To date, there are three primary positive detection outputs from a chemosensor; (i) 
colourimetric, where a UV or visible colour change is observed, (ii) fluorescence, in which 
a change in the materials fluorescent emission is brought about from an analyte, and (iii) 
electrochemical detection via a change in the sensor’s redox potential. Herein, as a 
continuation of our group’s work on colourimetric chemosensors, a protocol where the 
exchangeable Cu2+ concentration in soils may be determined by qualitative (naked-eye 
colour change) and quantitative (UV-Visible spectrophotometer) methods will be explored 
using a colourimetric chemosensor capable for soil analysis, HL (Figure 7.1).38 HL was 
selected as previous studies have indicated that the sensor is highly selective even in the 
presence of other metal ions, which makes HL an excellent candidate for the determination 
of exchangeable Cu2+ in soils from CaCl2 extracts. Additionally, HL has also been reported 
to be highly sensitive to Cu2+, with a limit of detection (LoD) of 3.7 nM by UV-Visible 
spectrophotometry (UV-Vis) and 1.5 μM by naked-eye observation of solution colour 
change. This work aims to utilise these same properties to quantify the amount of 
exchangeable Cu2+ adsorbed to synthetic and real-world soils.  
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Figure 7.1 The structure of chemosensor HL.38 
 
7.3. Results and discussion 
7.3.1. Soil characterisation 
7.3.1.1. Montmorillonite and kaolin clays 
Montmorillonite and kaolin clays doped with various concentrations of Cu2+ had no change 
to either crystalline structure or secondary precipitates evident through powder X-ray 
diffraction (PXRD) data in the range of 5-90° 2θ with little variation and no discernible 
peak shifts observed for the doped clays (Figures 7.S1 & S2). The Brunauer–Emmett–
Teller (BET) calculated surface area also confirmed no significant alteration to surface 
area; in the case of montmorillonite the untreated clay produced a BET value of 243.07 
m2/g, while the treated clays gave results ranging from 226.24-245.45 m2/g. The kaolin had 
a lower surface area of 8.40 m2/g found for the untreated clay, while treated samples ranged 
from 7.29-8.80 m2/g. Following the addition of Cu(NO3)2 to the untreated clays, the 
resulting solutions became more acidic, likely from the release of clay bound protons upon 
their exchange with Cu2+. This was followed by several Milli-Q only rinses to remove 
excess Cu(NO3)2, and the resulting supernatants were mildly acidic (Table 7.1). 
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Table 7.1 pH measurements of Cu2+ doped montmorillonite and kaolin clays 
 Montmorillonite Kaolin 
 [Cu2+] 
/ mM 
Before 
Cu2+ 
3 hrs 
after 
Cu2+ 
48 hrs 
after 
Cu2+ 
Final 
rinse 
Before 
Cu2+ 
3 hrs 
after 
Cu2+ 
48 hrs 
after 
Cu2+ 
Final 
rinse 
2.5 3.91 3.49 3.60 5.72 5.81 4.88 4.87 6.04 
5 3.95 3.39 3.52 5.69 5.83 4.75 4.75 6.04 
10 3.97 3.27 3.34 5.62 5.96 4.60 4.62 6.29 
30 3.97 3.25 3.32 5.62 5.87 4.40 4.41 6.04 
50 4.02 3.24 3.30 5.54 5.91 4.31 4.38 6.12 
Unlike the montmorillonite and kaolin clays described above, environmental soil samples 
often have a complex sample matrix with competing ions and minerals present. To ensure 
HL was unaffected by a complex sample matrix, it was necessary to evaluate the 
performance of HL against an environmental sample. Two contaminated soil samples, B1 
and B2, were collected and PXRD utilised to identify the main phases present in the soil, 
which were quartz, chlorites, and albite and consistent with previous findings (Figures 
7.S3-S5).39 The SEM-EDS findings demonstrated low copper, nickel, and zinc 
concentrations and a dominance of aluminosilicate elements consistent with the mineralogy 
identified in the PXRD (Figures 7.S6 and S7). For both B1 and B2, the pH of the CaCl2 
extracts were lower than that of the H2O extraction, typical of soils that have undergone 
significant weathering, and is within the bounds of pH range for the montmorillonite and 
kaolin doped clays (Table 7.2). 
Table 7.2 Calcium chloride and H2O extraction solution pH measurements.  
Sample pH CaCl2 extract pH H2O extract 
B1 4.87 5.23 
B2 4.33 4.69 
7.3.2. Exchangeable copper 
The CaCl2 exchangeable Cu2+ concentration of montmorillonite and kaolin clays, along 
with the contaminated soil samples, were determined by ICP-MS and HL in conjunction 
with UV-Vis spectrophotometry (Figure 7.2). The limit of quantification for aqueous Cu2+ 
determined by ICP-MS and HL (UV-Vis) methods was 1 µM (Figure 7.S8-S10). The 
montmorillonite, with the highest BET surface area, had the greatest concentration of Cu2+ 
adsorbed, ranging from 2.18-4.90 mM for measurements using ICP-MS and 2.20-4.57 mM 
when measured using the HL, UV-Vis procedure (Table 7.3). The calculated relative 
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standard deviation (R.S.D.) for exchangeable Cu2+ using ICP-MS and HL demonstrate the 
precision of the chemosensor approach relative to the standard ICP-MS technique. For 
montmorillonite, the upper limit of the calculated R.S.D. values found were 1.29 % and 
0.69% for ICP-MS and HL, respectively. This was similar to R.S.D. calculations from 
kaolin samples, where the upper limit was 1.31% and 0.50% for ICP-MS and HL, 
respectively. 
 
Figure 7.2 Comparison between ICP-MS and HL (UV-Vis) techniques for determining 
exchangeable Cu2+ on montmorillonite (M) and kaolin (K) clays doped with varying concentrations 
of Cu(NO3)2 (2.5, 5, 10, 30, & 50 mM). 
Due to the lower BET surface area, the concentration of Cu2+ adsorbed on the kaolin was 
lower than montmorillonite; with 0.77-0.92 mM for measurements using ICP-MS and 0.82-
0.90 mM when using the HL, UV-Vis approach. When considering each clay as a series, 
montmorillonite gave R2 values of 0.91 for ICP-MS and 0.97 for HL. For the Kaolin series, 
R2 values of 0.72 and 0.85 were found for ICP-MS and HL, respectively (Figure 7.S11 and 
S12). The maximum adsorbed Cu2+ for montmorillonite was exceeded above a Cu2+ doping 
concentration of 30 mM, and kaolin was exceeded at a doping concentration of 10 mM 
(Figure 7.S11 and S12). The capability for visual observation of Cu2+ showed discernible 
change corresponding to increases in the adsorbed Cu2+ with montmorillonite due to the 
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higher Cu2+ adsorbed and a diminished gradation of colour for kaolin due to lower adsorbed 
concentrations of Cu2+ (Figure 7.3).  
Table 7.3 Comparison of exchangeable Cu2+ concentration found on soil using ICP-MS and HL 
and the relative standard deviation (R.S.D.) of each technique.  
  Quantified using ICP-MS Quantified using HL (UV-Vis) 
 Cu-dope amount (mM) 
Cu2+ (mM) R.S.D. (%)a Cu2+ (mM) R.S.D. (%)a 
Montmorillonite 
CaCl2 extract 
M 0 n.d. b n.d. b n.d. b n.d. b 
M 2.5 2.18 0.55 2.20 0.19 
M 5 2.73 0.75 2.87 0.17 
M 10 3.23 0.75 3.38 0.69 
M 30 4.09 0.45 4.29 0.39 
M 50 4.90 1.29 4.57 0.07 
Kaolin 
CaCl2 extract 
K 0 n.d. b n.d. b n.d. b n.d. b 
K 2.5 0.77 1.31 0.82 0.42 
K 5 0.82 0.39 0.86 0.27 
K 10 0.94 0.30 0.91 0.18 
K 30 0.88 0.43 0.93 0.35 
K 50 0.92 1.14 0.90 0.50 
Soil 
 CaCl2 extract 
B1  0.186 0.45 0.183 0.13 
B2  0.428 0.62 0.437 0.38 
Soil 
H2O only 
B1  0.026 0.89 0.025 0.33 
B2  0.067 0.60 0.067 0.19 
Soil 
 CaCl2 – H2O 
B1  c0.160 - 0.158c - 
B2  0.361c - 0.369c - 
a = Calculated from 3 replicate measurements 
b = Result obtained was below the detection limit of the calibration curve used. 
c = Calculated result 
 
 
 
Figure 7.3 Visible response of HL with montmorillonite (M) and kaolin (K) clays doped with 
different concentrations of Cu(NO3)2 (2.5, 5, 10, 30, & 50 mM). The CaCl2 soil extracts were diluted 
so that the concentration of Cu2+ in the final solution mixture was within the detection range of HL, 
this translates to a sample dilution factor of 300 and 100-fold for montmorillonite and kaolin 
extracts, respectively.  
The CaCl2 exchangeable Cu2+ of the contaminated soils samples along with a H2O extract 
was measured for both contaminated soil site samples, B1 and B2 (Table 7.3 & Figure 7.4). 
The H2O extracts had a low Cu2+ concentration that was detectable by both the ICP-MS 
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and the HL UV-Vis approach. The CaCl2 exchangeable Cu2+ concentration of B1 and B2 
were observed to have a total Cu2+ concentration of 0.186 mM and 0.423 mM by ICP-MS, 
and 0.183 mM and 0.437 mM by HL (UV-Vis), respectively. As expected, the H2O extracts 
had a lower concentration of Cu2+, 0.026 mM and 0.067 mM were found by ICP-MS, while 
HL (UV-Vis) gave values of 0.025 mM and 0.067 mM for B1 and B2, respectively. The 
CaCl2 exchangeable Cu2+ concentration of the contaminated soils was greater than the H2O 
only extract and a calculated (CaCl2 - H2O) 0.158-0.369 mM of Cu2+ was adsorbed to the 
soil. (Table 7.3, CaCl2 - H2O). As with the R.S.D. calculations from montmorillonite and 
kaolin clays, all B1 and B2 measurements demonstrate the precision with HL, in 
comparison to ICP-MS (Table 7.3). The contaminated soil samples also demonstrated a 
visible colour change for both the low concentration H2O – only wash and the CaCl2 
exchanged Cu2+ samples (Figure 7.5).  
 
Figure 7.4 Comparison between ICP-MS and HL (UV-Vis) analysis of Cu2+ concentration in 
CaCl2 and H2O extracts of the contaminated soils. A dilution factor of 50-fold was used for CaCl2 
extracts while 10-fold was used for H2O extracts. 
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Figure 7.5 Visible response of HL with contaminated soil CaCl2 and H2O extracts. To ensure the 
concentration of Cu2+ in the final mixture was within the detection range for HL, a sample dilution 
of 50 and 10-fold was utilised for the CaCl2 and H2O extracts, respectively. 
 
7.4. Materials and methods 
7.4.1. Chemicals and reagents 
All chemicals and solvents were of analytical or higher grades, purchased from commercial 
suppliers and used without further purification. Montmorillonite (CAS 1318-93-0) and 
kaolin (CAS number 1332-58-7) clays were purchased from Sigma-Aldrich (Australia). 
Type I water was prepared from a Milli-Q water purification system and used for all 
aqueous solutions unless otherwise specified. Cu(NO3)2 and CaCl2 stock solutions for soil 
doping and soil extraction, respectively, were prepared and standardised by literature 
complexometric titrations with H2Na2EDTA.40 The chemosensor used in this work, HL, 
was prepared from our previous literature method, by a condensation of 4-
(diethylamino)salicylaldehyde (1000 mg, 5.2 mmol), and 1,8-diaminonaphthalene (825 
mg, 5.2 mmol) with a catalytic amount of p-toluenesulfonic acid (PTSA) in isopropanol 
(30 mL).38 
7.4.2. Preparation of Cu2+ doped clays 
To produce a standard reference sample that was free of other contaminants and elevated 
in Cu2+, montmorillonite and kaolin clays were doped with solutions of Cu(NO3)2 (2.5 mM, 
5 mM, 10 mM, 30 mM and 50 mM). Kaolin is a 1:1 clay and in its natural state has a low 
CEC, while in contrast, montmorillonite is from the 2:1 family and is well known for its 
high CEC.41–45 
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In a 1 L beaker, 10 g of montmorillonite or kaolin was first dispersed in 400 mL of water, 
then Cu(NO3)2 was added until the final Cu2+ concentration ranged from 2.5 mM to 50 mM 
in 500 mL of water. These mixtures were stirred at room temperature for 48 hours, then 
decanted, centrifuged and washed with water several times. To ensure the removal of 
unbound Cu2+ the supernatant of the final wash was tested with murexide, a colourimetric 
metal titration indicator often used for Cu2+ determination, until no detectable change in 
indicator colour was evident.40 Post washing, the mixtures were transferred to ceramic 
evaporating dishes and dried at 100 °C for 24 hours. Following this, the dried clay was 
lightly ground with a mortar and pestle and placed in sealed containers. 
To ensure that the Cu2+ doping procedure had not structurally modified the clays, powder 
X-ray diffraction (PXRD) and Brunauer–Emmett–Teller (BET) surface area analysis was 
conducted. PXRD measurements were undertaken on a Bruker D8 ADVANCE fitted with 
a position sensitive detector (PSD) LynxEye detector with a Cu Kα (λ = 1.54 Å) X-ray 
source operating at 40 kV and a current of 40 mA. Samples were scanned from 5-90° 2θ 
with a step size of 0.02° and an acquisition time of 1 s per step (Figures 7.S1 & S2). The 
PXRD pattern confirmed the commercial montmorillonite contained montmorillonite with 
trace amounts of quartz and mica whilst the commercial kaolin was dominated by kaolinite 
with trace amounts of quartz (Figures 7.S13 & S14). BET surface area analysis was 
measured on a Micromeritics ASAP 2020 by the adsorption of N2 gas at 77 K on 250 mg 
of the sample which had been degassed under vacuum (1.3 Pa) at 100 °C for 24-48 hrs 
(Table 7.S1). The manufacturer reported BET surface area of the commercial 
montmorillonite was 250 m2/g and kaolin 8 m2/g and was confirmed in this work (Table 
7.S1). 
7.4.3. Soil sample location selection 
To assess the potential of HL in a real-world system, contaminated surface soils were 
collected from Lloyd’s Copper Mine, (-33.96167, 149.53246) a historic copper mine 
located in Burraga, NSW, Australia. Surface soil samples were collected in an area reported 
to have elevated levels of copper due to mining operations.46 Samples were air-dried then 
sieved, excluding particles larger than 250 µm. PXRD measurements were undertaken on 
these sieved samples using a similar method as described above. Additionally, scanning 
electron microscopy coupled to energy dispersive spectrometry (SEM-EDS) was 
conducted using a Jeol 6510 LV with an AMPtek silicon drift EDS at 25 kV in low vacuum 
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mode with a chamber pressure of 30 Pa. EDS elemental identification was captured through 
Moran Scientific software with a collection time of 50 minutes.  
7.4.4. Soil extractions 
As shown in our previous work, HL,38 is unaffected by the presence of Ca2+, hence CaCl2 
was selected in favour of other cation exchange extraction methods.38 To perform the CaCl2 
extractions, 2.00 g of soil was weighed into a centrifuge tube, then 20 mL of 0.01 M CaCl2 
was added. After mixing for 2 hrs, the samples were then centrifuged, and the supernatant 
was filtered through a 0.45 µm pore size filter. In the case of the samples obtained from 
Lloyd’s Copper Mine, a water wash was also conducted using a similar protocol as above, 
with water in place of CaCl2. The actual exchangeable Cu2+ on the contaminated soils was 
then determined by the subtraction of the water extract from the CaCl2 extraction. This was 
only employed on the contaminated soil samples, as the montmorillonite and kaolin clays 
were washed with water several times during their preparation. For B1 an exchangeable 
Cu2+ concentration of 0.160 mM and 0.158 mM was found by ICP-MS and HL (UV-Vis), 
while in B2, 0.361 mM and 0.369 mM was observed with ICP-MS and HL (UV-Vis), 
respectively.  
7.4.5. Inductively coupled plasma – mass spectrometry (ICP-MS) of soil extracts 
The concentration of Cu2+ in CaCl2 soil extracts were first measured with inductively 
coupled plasma – mass spectrometry (ICP-MS) to provide a benchmark analytical 
technique, this was conducted on a Perkin Elmer NexION 300X ICP-MS. To assist in 
sample nebulisation and prevent capillary clogging, all samples including the calibration 
series were made up in 1% HNO3, and filtered through a 0.45 µm pore size filter. The 
instrument was calibrated using 1, 2.5, 5, 10, and 20 µM solutions of CuCl2 prepared from 
a stock solution. The montmorillonite and kaolin samples were analysed in the one session, 
while the contaminated soil extracts were measured at a different date. Hence, two 
calibration charts were made, these can be found in the provided supplementary 
information (Figures 7.S8 & S9). As the concentration of Cu2+ varied in each sample, a 
range of dilution factors was used to ensure each measurement was within the calibration 
range for both techniques. In the case of montmorillonite, a dilution factor of 300-fold was 
employed and for kaolin a dilution of 100-fold was used. For the contaminated soil CaCl2 
extracts, a dilution factor for 50-fold was utilised, while H2O extracts of the same soils had 
a lower Cu2+ concentration hence a dilution factor of 10-fold was used. 
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7.4.6. Ultraviolet-visible spectrophotometer (UV-Vis) 
To evaluate the quantitative performance of sensor HL in soil extracts, a similar 
experimental procedure as detailed in prior work38 was undertaken on a Varian Cary 100 
ultraviolet-visible (UV-Vis) spectrophotometer. Operating in double beam mode with a 
scan rate of 600 nm/min, all sample mixtures including the calibration series were measured 
in quartz cells with an optical path length of 10 mm. As HL is not fully soluble in neat 
water, a mixture of 20 µM HL in MeOH/H2O (1:1, v/v; HEPES 20 mM; pH = 7.00) was 
used for all UV-Vis analysis. The requirement of MeOH is not a disadvantage, as due to 
the highly sensitive nature of HL, samples must often be diluted to within the working 
range.  
Upon complexation of HL to Cu2+ an intense band at 408 nm is formed, while an isosbestic 
point at 346 nm is also observed between the absorbance bands of free HL centred around 
330 nm and that of the complex peak (408 nm). It is from the ratiometric absorbance 
response of 408/346 that the concentration of Cu2+ may be determined. A calibration series 
for the UV-Vis response of HL was constructed by plotting the ratiometric 408/346 nm 
response of HL with 1, 2.5, 5, 10, and 15 µm standards of CuCl2 (Figure 7.S10). Similar to 
the ICP-MS work, a dilution factor of 300, 100, 50 and 10 were used for montmorillonite, 
kaolin, contaminated soil CaCl2 extracts and the contaminated soil water extracts, 
respectively. Once the samples were prepared a measurement delay of 10 minutes was used 
to ensure that HL had reacted with all available Cu2+.  
 
7.5. Conclusion 
In summary, we have taken a known colourimetric chemosensor for Cu2+ in water and 
developed a method in which this sensor can be used for the qualitative (visual solution 
colour change) and quantitative (UV-Vis) detection of Cu2+ in soil extracts. Overall, the 
results obtained from the sensor demonstrate high precision as calculated R.S.D. values for 
the HL approach are lower than their ICP-MS counterparts. This work also demonstrates 
that the chemosensor is suitable for exchangeable Cu2+ concentrations as low as 0.025 mM 
(B1 H2O wash) which provides both a visual response and a quantifiable determination 
comparable to standard ICP-MS analysis. The technique is robust enough to be used in 
standard exchangeable ion approaches that use CaCl2 extracts, and furthermore, the limit 
of quantification is suitable for a range of environments where Cu2+ contamination may 
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exist. The use of the HL chemosensor may be applicable as a widespread method for future 
detection of Cu2+ at a lower cost in a laboratory setting using a UV-Vis spectrophotometer, 
or even in the field simply by colour change observations.  
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7.7. Supporting information 
 
Figure 7.S1 PXRD measurements of montmorillonite clays with varying amounts of doped Cu2+. 
 
Figure 7.S2 PXRD measurements of kaolin clays with varying amounts of doped Cu2+. 
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Figure 7.S3 Comparison of PXRD measurements of contaminated soil samples B1 and B2. 
 
Figure 7.S4 PXRD scan of B1, and corresponding peak matches from a crystallographic database. 
Quartz (red), clinochlore-1MIIb (blue), ferroan clinochlore-1MIIb (green) and albite (orange). 
01-083-2215 (C) - Albite high - K0.2Na0.8AlSi3O8 - Y: 2.42 % - d x by: 1. - WL: 1.5406 - Triclinic - a 8.14400 - b 12.98900 - c 7.16000 - alpha 92.100 - beta 116.560 - gamma 90.210 - Base-centered - C-1 (0) - 4 - 676.
00-029-0701 (I) - Clinochlore-1MIIb, ferroan - (Mg,Fe)6(Si,Al)4O10(OH)8 - Y: 6.96 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 5.36000 - b 9.28000 - c 14.20000 - alpha 90.000 - beta 97.150 - gamma 90.000 - Base-cent
00-024-0506 (C) - Clinochlore-1MIIb - (Mg5Al)(Si,Al)4O10(OH)8 - Y: 7.15 % - d x by: 1. - WL: 1.5406 - Triclinic - a 5.34000 - b 9.27000 - c 14.36000 - alpha 90.000 - beta 97.360 - gamma 90.000 - Primitive - P1 (1) - 2 -
01-070-3755 (C) - Quartz - SiO2 - Y: 85.62 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91600 - b 4.91600 - c 5.40900 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3121 (152) - 3 - 113.206 - I/Ic PDF 2
Operations: Background 0.550,1.000 | Import
Y + 2.0 mm - B1 - File: B1.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 89.996 ° - Step: 0.019 ° - Step time: 192. s - Temp.: 25 °C (Room) - Time Started: 26 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.
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Figure 7.S5 PXRD scan of B2, and corresponding peak matches from a crystallographic database. 
Quartz (red), clinochlore-1MIIb (blue), ferroan clinochlore-1MIIb (green) and albite (orange).  
01-083-2215 (C) - Albite high - K0.2Na0.8AlSi3O8 - Y: 4.18 % - d x by: 1. - WL: 1.5406 - Triclinic - a 8.14400 - b 12.98900 - c 7.16000 - alpha 92.100 - beta 116.560 - gamma 90.210 - Base-centered - C-1 (0) - 4 - 676.
00-024-0506 (C) - Clinochlore-1MIIb - (Mg5Al)(Si,Al)4O10(OH)8 - Y: 15.85 % - d x by: 1. - WL: 1.5406 - Triclinic - a 5.34000 - b 9.27000 - c 14.36000 - alpha 90.000 - beta 97.360 - gamma 90.000 - Primitive - P1 (1) - 2
00-029-0701 (I) - Clinochlore-1MIIb, ferroan - (Mg,Fe)6(Si,Al)4O10(OH)8 - Y: 66.04 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 5.36000 - b 9.28000 - c 14.20000 - alpha 90.000 - beta 97.150 - gamma 90.000 - Base-ce
01-070-3755 (C) - Quartz - SiO2 - Y: 88.78 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91600 - b 4.91600 - c 5.40900 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3121 (152) - 3 - 113.206 - I/Ic PDF 2
Operations: Y Scale Add 167 | Import
Y + 1.0 mm - B2 - File: B2.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 89.996 ° - Step: 0.019 ° - Step time: 192. s - Temp.: 25 °C (Room) - Time Started: 25 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.
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Figure 7.S6 a) Low vacuum uncoated SEM image of B1, and b) microanalysis via EDS with a 
collection time of 50 minutes. 
  
Chapter Seven: A colourimetric chemosensor for quantification of exchangeable Cu2+ in soil 
231 
 
Figure 7.S7 a) Low vacuum uncoated SEM image of B2, and b) microanalysis via EDS with a 
collection time of 50 minutes. 
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Figure 7.S8 ICP-MS calibration curve of Cu2+ standard used for montmorillonite and kaolin 
determination. 
 
Figure 7.S9 ICP-MS calibration curve of Cu2+ standard used for contaminated soil (B1 and B2) 
determination. 
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Figure 7.S10 Calibration curve for UV-Vis determination of Cu2+ using HL and a Cu2+ standard. 
 
Figure 7.S11 Adsorption of Cu2+ found on montmorillonite clays by ICP-MS (grey squares) and 
HL (red circles) with R2 calculated from a Bradley logarithmic trend line. 
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Figure 7.S12 Adsorption of Cu2+ found on kaolin clays by ICP-MS (grey squares) and HL (red 
circles) with R2 calculated from a Bradley logarithmic trend line. 
 
Figure 7.S13 PXRD scan of montmorillonite (CAS: 1318-93-0), and corresponding peak matches 
from a crystallographic database. Quartz (red), Montmorillonite-15A (blue) and Muscovite (green). 
01-072-1503 (C) - Muscovite - KAl2(Si3Al)O10(OH)2 - Y: 19.37 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 5.19980 - b 9.02660 - c 20.10580 - alpha 90.000 - beta 95.782 - gamma 90.000 - Base-centered - C2/c (1
00-013-0135 (N) - Montmorillonite-15A - Ca0.2(Al,Mg)2Si4O10(OH)2·4H2O - Y: 6.28 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 5.16900 - b 5.16900 - c 15.02000 - alpha 90.000 - beta 90.000 - gamma 120.000 - 
01-070-3755 (C) - Quartz - SiO2 - Y: 90.81 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91600 - b 4.91600 - c 5.40900 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3121 (152) - 3 - 113.206 - I/Ic P
Operations: Smooth 0.088 | Background 56.234,1.000 | Background 10.000,1.000 | Import
Y + 2.0 mm - Mont - File: Mont.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 89.991 ° - Step: 0.019 ° - Step time: 192. s - Temp.: 25 °C (Room) - Time Started: 24 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00
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Figure 7.S14 PXRD scan of kaolin (CAS: 1332-58-7), and corresponding peak matches from a 
crystallographic database. Quartz (red) and Kaolinite (blue). 
Table 7.S1 BET surface area calculated from N2 adsorption of montmorillonite and kaolin clays. 
Treatment BET surface area (m
2/g) 
Montmorillonite Kaolin 
Untreated 243.07 8.40 
2.5 mM Cu(NO3)2 228.64 7.29 
5 mM Cu(NO3)2 226.24 8.16 
10 mM Cu(NO3)2 241.97 7.35 
30 mM Cu(NO3)2 227.80 7.71 
50 mM Cu(NO3)2 245.48 8.80 
 
  
01-089-6538 (C) - Kaolinite - Al2(Si2O5)(OH)4 - Y: 23.03 % - d x by: 1. - WL: 1.5406 - Triclinic - a 5.15400 - b 8.94200 - c 7.40100 - alpha 91.690 - beta 104.610 - gamma 89.820 - Base-centered - C1 (0) - 2 - 329.914 -
01-070-3755 (C) - Quartz - SiO2 - Y: 9.53 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91600 - b 4.91600 - c 5.40900 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3121 (152) - 3 - 113.206 - I/Ic PDF 2.
Operations: Background 17.783,1.000 | Import
Kaol - File: Kaol.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 89.991 ° - Step: 0.019 ° - Step time: 192. s - Temp.: 25 °C (Room) - Time Started: 22 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0
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CHAPTER EIGHT: CONCLUSIONS AND FUTURE WORK 
8.1. Summary of the presented work 
In this dissertation, several supramolecular assemblies based on either 8-hydroxyjulolidine-
9-carboxaldehyde or the 4-(diethylamino)salicylaldehyde group were investigated by a 
range of techniques, including NMR, FT-IR, ESI-HRMS, SEM-EDS, Raman, STA, UV-
Vis and fluorescence spectroscopy. In addition to these techniques, 13 crystal structures 
were also determined by SC-XRD using the MX1 and MX2 beamlines at the Australian 
Synchrotron. These structures showed various conformations, many of which are mediated 
by the coordinating metal ions, anions, and the experimental conditions, etc. Furthermore, 
two ligands show great potential as chemosensors for nanomolar colourimetric detection 
of Cu2+, and a protocol has been developed for colourimetric detection of exchangeable 
Cu2+ on soils. For simplicity, the following summary will utilise the ligand naming 
convention described earlier in chapter 1 (Table 1.3). The ligand described in chapters 2 
and 3 will be referred to as HLI, chapter 4 will discuss H4LII, while chapters 5 and 7 explore 
HLIII, and finally HLIV in chapter 6. 
In chapters 2 and 3, it was decided to use a reported colourimetric chemosensor1 for Co2+, 
HLI, and conducted a comprehensive investigation to gain an understanding of how the 
optical groups on this ligand interact with metal ions, and in turn how these interactions 
constitute an ideal chemosensor. Although HLI was initially reported as a water-soluble 
sensor for Co2+, the findings in this dissertation are in contradiction to this. In comparison, 
it was found that HLI had poor water solubility, and additionally, it is likely that HLI 
coordinates to Co3+ rather than Co2+. This is supported by the mass spectrometry findings 
in the initial study and the crystal structure obtained in chapter 2 from synthesis with 
Co(NO3)2, where Co2+ was oxidised to Co3+ under the experimental condition, in air.2  
In chapter 2, investigations were conducted into the structural conformation and optical 
properties of HLI with several divalent d-block metal salts, Mn2+, Co2+, Ni2+, Cu2+ and Zn2+. 
The assembly of HLI with Mn(CH3COO)2 gave the dinuclear structure 
[Mn2LI2(CH3OH)2(CH3COO)2] in which the Mn2+ centres were bridged by MeOH 
molecules. The assemblies observed for HLI with Co(NO3)2 (deprotonation via 
trimethylamine) and Ni(CH3COO)2 were similar mononuclear architectures of [CoLI2]NO3 
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and [NiLI2] where both metal ions are in an octahedral coordination geometry; additionally, 
Co2+ was oxidised to Co3+. For Cu(CH3COO)2, the mononuclear [CuLI(CH3COO)] 
assembly was observed where Cu2+ was in a square planar conformation. Finally, for 
Zn(CH3COO)2 the dinuclear [Zn2LI2(CH3COO)2] structure was found where Zn2+ metal 
centres were bridged by two CH3COO- ions. The optical properties of HLI with the above 
metals were also investigated, and in addition to confirming the reported solution-state UV-
Vis spectrophotometry response for Co2+, it was found that HLI in the presence of Zn2+ 
gives a red-shifted fluorescent emission band and an increase in fluorescent intensity for 
both solution and solid-states. Hence, HLI may be suitable for the fluorescent detection of 
Zn2+ in addition to colourimetric detection of Co2/3+. 
Chapter 3 further investigated the same ligand studied in chapter 2 (HLI). This study probes 
the influence of a large metal ion, which may give different structural conformations and/or 
physical properties. Complexation of HLI with f-block Eu3+ and Gd3+ acetates gave 
isostructural dinuclear [Ln2LI2(CH3COO)4(CH3OH)2] assemblies, and metal centre 
bridging was observed through two coordinating CH3COO- ions. The optical properties of 
the Eu3+ and Gd3+ complexes with HLI were also investigated, and both complexes gave 
similar optical properties. Upon the addition of Eu3+ or Gd3+ to a methanolic solution of 
HLI, a significantly blue-shifted absorbance band was observed by UV-Vis 
spectrophotometry. Fluorescent emission spectra of the same mixtures showed a slight 
blue-shift and an intense increase in the fluorescent emission band. Solid-state fluorescent 
emission experiments by two-photon excitation are in good agreement with solution-state 
studies. 
There is a growing trend in literature to pursue chemosensors that are completely water-
soluble, as they may be advantageous for in situ applications in live cells. Detailed in 
chapter 4 is H4LII, a new ligand that was designed to incorporate hydroxyl groups as it is 
well known that the presence of hydroxyl groups on a ligand may assist in water solubility. 
While this was successful and chemosensor experiments could be conducted in almost neat 
water, the observed chemosensor optical properties were poor. Upon investigating the 
interactions of H4LII with common metal ions in HEPES buffered media by UV-Vis 
spectrophotometry, a minor blue-shift in the UV region was observed only for Cu2+. In 
practice, visual observations of H4LII solutions in the presence of Cu2+ were 
indistinguishable from those with an absence of Cu2+. This ligand was still of interest as it 
was clear that the flexible hydroxyl groups had potential to form several conformations, 
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which may be mediated by many chemical influences. As the structure of an assembly 
influences its physical properties, it was of interest to study this ligand with post-transition 
metal ions, such as Zn2+. Furthermore, Zn2+ is a diamagnetic d10 metal ion with several 
coordination conformations and may give rise to interesting fluorescent properties. Zinc 
chloride, acetate and perchlorate salts were utilised, and depending on the crystallisation 
method or the salt used, four potential structures were achieved. Of the four structures 
found, a synthesis of H4LII with ZnCl2 gave [Zn(H3LII)2] the most straightforward structure, 
a mononuclear architecture with two ligands deprotonated at phenol groups. Complexation 
with Zn(CH3COO)2 resulted in [Zn3(H3LII)2(CH3COO)4] a trinuclear structure with acetate 
ions bridging the Zn2+ ions. Two different structures were found with Zn(ClO4)2, in the 
absence of air, [Zn6(H2LII)4(H3LII)2](ClO4)2, a hexanuclear architecture was found in which 
six ligands of H4LII were coordinated to Zn2+ ions in trigonal bipyramidal and octahedral 
geometries. The second structure was crystallised via slow evaporation in atmospheric air, 
and interestingly CO32- (likely from atmospheric CO2), was incorporated into the observed 
large [Zn9(H2LII)6(CO3)2](ClO4)2 nonanuclear architecture again involving six H4LII 
ligands. These assemblies were unexpected and represented excellent examples of how 
some supramolecular interactions are difficult to predict and may be controlled by several 
synthetic processes which are often overlooked. 
Through the comprehensive investigations of the functional groups in HLI and H4LII, it was 
possible to design and successfully developed two colourimetric chemosensors, HLIII and 
HLIV, which are introduced in chapters 5 and 6, respectively. These ligands were 
synthesised via a condensation between 1,8-diaminonaphthalene and 4-
(diethylamino)salicylaldehyde or 8-hydroxyjulolidine-9-carboxaldehyde (HLIII and HLIV, 
respectively). However, unlike ligands HLI and H4LII, these condensations did not result in 
imine functional groups. Instead dihydroperimidine functions were observed. These groups 
were advantageous as, unlike imine functions, they are less prone to hydrolysis in acidic 
aqueous environments. Upon Cu2+ coordination, both ligands exhibit dual ligand-to-metal 
charge transfer (LMCT) resulting from both the diaminonaphthalene and phenol groups 
which act as electron donors. These ligands expressed similar optical properties and an 
investigation into their potential as chemosensors revealed both are highly selective for 
Cu2+, even in the presence of other common metal ions. Additionally, from Cu2+ titration 
experiments with HLIII and HLIV, remarkable 3.7 and 2.3 nM LoDs were calculated from 
their respective ratiometric absorbance shifts. Furthermore, HLIII and HLIV have both 
Chapter Eight: Conclusions and future work 
239 
demonstrated the potential for real-world applications in the detection of Cu2+ in drinking 
water below WHO limits (2 ppm, 31.5 µM), via UV-Vis spectrophotometry and visual 
observations of solution colour.  
Of the two sensors HLIII and HLIV, both have shown a remarkable LoD for Cu2+ especially 
considering the mechanism of detection is via a visible response. Comparable sensors in 
the current literature either rely on highly complex synthetic procedures or sensors that 
utilise fluorescent detection methods. In contrast, HLIII and HLIV are easily prepared, 
robust, utilise visible sensing mechanisms and are suitable for a broad range of applications 
as smart sensors. Of the two sensors HLIII and HLIV, HLIV is the better sensor in terms of 
the detection limit for Cu2+ via UV-Vis spectrophotometry and visual observation 
techniques. However, in terms of a sensor for real-world applications, it can be argued that 
HLIII is the ideal probe. This is based on a significantly cheaper cost of synthesis, it 
withstands several complexation and de-complexation cycles, and has slightly better 
solubility than HLIV. 
Expanding from work undertaken in chapters 5, chapter 7 explores the use of chemosensor 
HLIII as a tool for the colourimetric analysis of exchangeable copper in soils. Unlike the 
mineral composition, the exchangeable metal composition of soils is recognised as an 
important sink for fertility in soil, and may be extracted via a cation exchange technique 
with a CaCl2 salt solution. As demonstrated in chapter 5, HLIII is unaffected by the presence 
of Ca2+ and is hence applicable for Cu2+ detection in CaCl2 soil extracts. A method was 
developed for the determination of Cu2+ in CaCl2 soil extracts from laboratory doped clays 
(montmorillonite and kaolin) and contaminated soil samples taken from a historic copper 
mine, via HLIII with UV-Vis and ICP-MS techniques. Both techniques yielded results in 
great agreement, hence it may be concluded that HLIII has potential as an effective analysis 
technique for Cu2+ determination in soils. Furthermore, as the detection methods conducted 
are robust and determination of Cu2+ is possible with or without UV-Vis 
spectrophotometry, HLIII is fully capable for real-world applications across different fields. 
In summary, this dissertation has investigated the coordination arrangements of a known 
chemosensor with common d- and f-block metals in chapters 2 and 3. In chapter 4 the 
potential architectures of a ligand with flexible donor groups to Zn2+, a metal that forms 
stable complexes with several coordination numbers and geometries, was probed. In 
chapter 5 and 6, a straightforward synthetic procedure was utilised to prepare two ligands, 
and via a dual LMCT, both exhibit exceptional colourimetric detection for Cu2+. The 
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potential of these ligands for quantitative real-world applications in drinking water was also 
confirmed. Finally, in chapter 7 a new method for determining the exchangeable Cu2+ on 
soils was developed. HLIII as a probe for Cu2+ in established CaCl2 soil protocols is 
comparable and statistically more precise than ICP-MS, which is often regarded as one of 
the most sensitive techniques for the analytical determination of metal concentrations. 
Shown to rival existing technologies, HLIII is a versatile detection tool for Cu2+ across 
multiple sample environments and genuinely capable of real-world applications. 
8.2. Future research 
8.2.1. Investigation of H4LII with other metals 
The various structures observed with H4LII and Zn2+ were quite exciting, especially since 
one structure was shown to fix atmospheric CO2 as CO32-. To further investigate the 
potential effect that anions may have on the coordination arrangement of other complexes, 
and in turn, their physical properties, a structural investigation of H4LII with various salts 
of common d- and f-block metals will be undertaken, which may yield interesting results. 
In comparison to Zn2+, other transition metals may give different physical properties, 
including magnetic properties, as shown in similar ligands.3–5 Additionally, as the 
coordination sphere of H4LII accommodates numerous metal geometries, and the hydroxyl 
groups from the tris-base group may bridge between multiple metal ion centres, it would 
be of interest to study H4LII as a potential heterometallic system involving different 
combinations of d- and f-block metals. This may lead to a plethora of interesting materials 
with unique properties, such as magnetic and fluorescent materials.  
8.2.2. Water-soluble chemosensors for cellular and soil imaging 
Recently there has been a strong push to develop water-soluble chemosensors. This is 
especially important as often real-world samples are aqueous mixtures; thus a water-soluble 
chemosensor has the benefit of minimal sample dilution and hence may be favourable for 
detection of trace metals in cells or environmental systems such as soil. Although a 
preliminary chemosensor investigation into H4LII did not yield a sensor with ideal optical 
properties, the incorporation of the water-soluble tris-base group on H4LII was effective, 
and solubility in almost neat water was possible. Future studies will expand from this, and 
it will be interesting to incorporate other molecular groups that aid in selectivity, have ideal 
colourimetric properties and promote water solubility. Furthermore, as Schiff base ligands 
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are prone to hydrolysis in acidic aqueous conditions, it would be beneficial to reduce imine 
groups which in turn should produce ligands with greater stability in aqueous environments. 
8.2.3. Investigation of HLIII and HLIV for anion detection via an indicator 
displacement assay (IDA)  
A number of reported studies have shown the potential of using direct sensors and applying 
them for IDA detection of anions, especially those which form complexes of a high stability 
with Cu2+ such as CN- and S2-.6–9 Reversibility experiments of HLIII and HLIV with 
Na2H2EDTA show that both ligands withstand several complexation and decomplexation 
cycles. Hence, it may be hypothesised that Cu+HLIII and Cu+HLIV could potentially act as 
IDA sensors for CN- and/or S2-. Furthermore, preliminary fluorescent studies of both 
ligands with Cu2+ show a near complete quench of fluorescence, thus detection of CN- 
and/or S2- may be achieved using a fluorescent turn-on approach. 
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